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byw National Science’ Foundaticn grant, are concérned with power 
conversion systems comprising power electronic’ devices, 
electromechanical. energy converters, and associated legic « 
configurations necessary to cause the system to behave in a 
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diodes; (2) thyristors, or silicon controlled rectifiers; (3) 
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Provtace 


This book ts intended for use as a text in the genior eleetive course 


x 


‘ , : 
"Power Procesping, ry", Blectrical tgineertng Department, University of 


Pittsburgh. The matertal presented here has been successfully used as the 
course content for two trimesters. Albhough several available books were 
‘ A . 


‘ ~ ‘4 bs 
ronsidered and tricd as texts, none were found to be suitable in the Pbeht 
of the objectives of the course, and therefore this book han been written 


He Cukfili the needs of the course. 


There arg three objectives im the course “Power Processing tt" 


“wh ae vi . 


are: inberastire undergraduate students ia the power area of clectbrical 


engineering, providing, the students with taetuael intormation and some exper= 


bonee relating Go semiconductor power electronics, and to develop the stu- 
, 


. a ‘ : : . , 
dents! ability to model physical probtoens., pbudent interest is fostered by + 
the students! growing, competence ino the semiconductor power area, frequent 


classroom preference bo othe current on incer ing re bevance of the bypes of pro- 
; : 
blems being considered, and by making the prdblems and laboratory sessions 
: : 4 
as reatigtie as possible, Alse, the area ot semiconductor applications bo’ 
power Process INK, the subject malertadb oof the course, istan area of ereal. ’ 
A 
interest and expanston tn the present day power industey snd is Chere bore 
"relovant'. Skill in mode ling is encouraged in two ways. kirst, the probloms 
7 : 


Lhe students are required to work are framed ino terms of read circuit: ebementea. 
' : \ 
The students must decide what idem!ligations can be made.  Gecondby, ae the 


e 


eourse progresses, the sophisticabipn of the modeling: required to solve the 


problems imo m& reasonable time dnereases, and hepeftulbby tle atudlents! skill 


will Tderease as they work the gradually more sophisticated problems. 
é 
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The author considers modeling the most important aspect of the course 


‘4 


“ 


‘an reflected by the subject material and organization of this book. ‘Two 


ot the most valuable attributes of an engineer are his ability to agsimi late 
oo » 

new techno logy , and his ability to apply basic science and technology (new 

or old) to new problems. Without these attributes, the engineer 1s soon 
relegated to the posttion of a competent technictan. One of the most, if not 

cs g 

the most, powerful tools used to maintain these attributes is the engineer's* 
skill in modeling phystcal prob tetws ; that is, to simplify the problem to the 
extrame go-thatl the basic parameters and operations become obvious, and then 


to replace the necessary complexities until the model sufficiently approaches 
Lf 


the real physical problem to give valid engineering answers. The author 


therefore feels that the gain in exdunint gg and modeling the problems in some 


delail far outweigh the disadvantage that less material (fewer circults, 
aad 


problems, and applications) can be considered in the given time. 
There are several reasons (Wr stressing modeling in the particular 
course on semiconductor power processing. The primary objective in offering 
rh ; Lo 
Lhe course "Power Processing LL" is to interest students in the power area 
of engineering. By incorporating the learning of a fundamental engineering 


w. 
skill (modeling) into ttte course, It may be possible to attract more Of the 


- 
\ 


Nuncertain" stfdents who may not want to commit themselves to a specific area 
of electrical engineering. The subject material may then provide sufficient 
challenge to interest these students in power engineering. Also, starting 
from the islets wideenaagate background in electronics, logic, and physics, 


rhe students aclually experience the extenston of their knowledge into an 


unfamiliar technological area (semiconductor power processing) using the tool 


‘of modeling as well as using modeling to solve complicated problems. And of 


course, even the simplest. problems in power processing can only be solved by 


“-sdlving tool. 


VW 


tthe straightforward application of Kirechoff's laws with utmost difficulty, 
further vigprseesing gpon “bhe student the valve of intuéeling ds a prob] em. 
and 


¢ 


in Y 
ito not tee igre te apeclptc eocperutimemite tn ‘pe cwerformed by (the students, nor is 


a “typical” ‘formal Jaboratory report required of each student. While real - 


Life sitwitions sometimes yequire a “Laboratory report," as in the testing 


. %& 7 
end evaluatiorr of an item or system, the most frequent use of an industria! 


Laboratory is as an aid to finding the answer to a problem. The realistic 


‘ 


leberatory problem associated with any problem is “What laboratory experiment. — 


should be done?" The student is given the choice of uBirig the laboratory to 


‘gather data, confirm his theory, check assumptions, as an aid to understanding 


c 


device or circuit operation, or any combination df these. The students are not 
, 
permitted to enter the leboratory without a "plan" in whjch each student must 


identify a specific objective for the laboratory experiment, and a detailed 


plan to carny out the experiment. The students are graded on the basis ot’ 


how effective their laboratory objective will be in endbling them to solve the — - 


\ 
problem, and whether their detailed plan bas a reasonable assurance of cnabling 


the stugents to accomplish their immediate. objective.: After the laboratory 


session, the students complete their assigned problem, presenting "an answer" 


which ts backed up by lsboratery experiment and data. This tqpe of laboratory 


/ 


‘hes proved much more interesting to the students and seems more in keeping 2 


with an empineering education than simply "vei fying calculations" or 
“demonstrating effects." 


The author gratefully acknowledges the continuing financial support. of 


the National Science Foundation throughout. the design and establishment. of the 


_ gourse “Power Processing TI." The author also thanks Dr. ll. J. ellami!ton and 


\ N 


v 


‘The laboratory requires some special mention. The laboratory problems oe 
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eter Contents 
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“This chapter — these equally caecchan purposes: . to ae the" 
reader with the cireult propertiés of power diodes, to review Paystost models 
of @ semicondiictor p-n junction (these models wilt. also be’ used in discusaing 
the properties of the thyristor in chapter 3),. and to poe cae elementary ; 
examples of mode Ling bagy the- characteristics of the power diode and the 
properties of some diode circuits. ° : #3 


- : ] 


The chapter begins with a review of the basic conduction properties of 


s 


‘ singlé-crystal semiconductors and the ele¢tron-hole model. of such a crystal. 


Next, the electron-hole model of 4 p-n junction and the voltage-current thar- 
acteristics of a signal diode are reviewed, The voltage-current, characteristics 


of a power diode will then be’ compared ‘to that of a signal diode, and the dif- 


“ferences in the characteristics will be qualitatively explained on the pedis of 


the Sige uackeic model as applied to the physical gonstruction of the diades. 
Some very ‘simple diode circuits are then analyzed. using circuit Hoge e eer approx- 
imations of the vofftage-current, characteristic of a power diode. - 


ot 


The Electron-Hole Motel of a Semicnauctor 
NP aN LT A i thr ry reer rr Pe 


4 


The semiconductor diode and thyristor are rapidly replacing gther poate 


or ‘time varying’ control elements in the power electronics area, While ie semi - 


' conductor devices may not replace all other types of devices’ such as selenium 


. 
we 


diodes: high vacuum diode, eu hele Widespresa and increasing use justifies 


the review of some of the basic properties of a crystalline, semiconducting 


material in order to better understand the neaereiatas of a semiconductor. 


device, ~ 3 ce 4 a 


ow ? 
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8 treathent are very ermibecnone in acplaininn the gross electrical character-. - 


: : : i 
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_ The electrical properties of. crystalline gormaptn, and silicon, those 


eee oe aero? in ‘wiacirendcs at temperatures nearyroom temperatu 
(23: "ods can, be ‘explained in terme of. quanta meohanica, atatietdoal mechanioa . 
and the band eed of soltde: aucvery thé mathematics sn0 details of such 
istics of these materials. hecortingly, 4 4 "semi -clasaical" model of adi con™ ; a 
ductors built on the pecutes of more detailed: physical model is frequently , 


used, ° This model will be referred to as the, "electron-hole" model. ‘The bases 


‘for this model lie in solid giants physics and have sufficient complexity Ghat a 


we choose nét to ‘Giectas them here. _ The Jmanyet save stuiee may begin to con- 


spider. the under lying physical processes by examining ihe references listed ‘at 


the end of this chapter. rt must’ be realized. that, _ ukipping the "derivatin" 


> 
’ 


of the aise aces model, we pencus a blind ®pot in our understanding inf 
that we cannot decide from physical principles he limitations of our model. 


c 


For example, with the electron-hole model above, we would conclude that the 


tunnel diode cannot work. ‘Therefore, the applicability of the electron-hole 3B, 
nN a a * A od Sy 
model must be decided on the bases of: | ( a : 
“ea - 


a) the successful: application the same model in previous similar 
situations Sane history ; . 4 


b) the Kepuite predicted by the model nereeing with sepecinent, 1.4.) ; . 
empirical test - F . . , #3 ; 


~ 
¢ 


Clearly, in any practical situation, empirical test has the last end defini - 


e. 


tive word. 
Pa 


The Semiconducting Pure Crystal 
"Ina an perfect crystal of come or’ silicon} each: ae ts located 
ina Séguiae array (lattice) composed of all of the avanis that make up ane 


crystal. Of course the idea of a perfect crystal ‘is an idealization because 
ey : % 


12 ; . . 2 ‘ ae 
. . si _ = ee 
x 4 * 


4 


‘there will aieys, be some oo and lattice flaws in the crystal espe- 


3 7 
% otally at the mtecae The crystals noes in egfpoontuctor elepbronics are 
: stemily of uch. purity and sutfipientiy free off imperfections that ttiowe flaws 
i , = y. 
are responsible for only second orde# effects m the erystal charaeteristicd, ; 
3 Germwyiiom and silicon crystalize in the "ademond structure", a three . 
_ ttmensi ona array in which each atom - is bound to its four nearest meighbors. ae 
We. ead a two-dimensional schematic diagram of' the theese dimensional 
. ‘ . ae , of 
, ceyeteh Ar , a ae. - 
siageegteee ¥. _ eatewauete a ee © doer vite geagncs eee ie es F - - . ‘ sith eam 
= x OUTER SHALL 
| | ONE ATOM’ © ste Ore Oe io : | | 
“, ® . _@ e : E. L EC 7. ON. , 
. ° $° e oe. oe 7 
. o ve 
\ : Pa O ee O fe O ee e ; ° 
es z | On NOME VS PLUS 
COVALENT JV sow ae ee 
—o BOND “a + INNER SHELL . 
en” Vay ee ae e : a an 
iii 0 “O%" O ELECTRONS. 
; ° ; @ : . 


“i 


_ : Figure 1 - 1° ? 


2 Mr " ; ‘ Z a ‘ 

: + ee 
4 “Note thet each atom ean four. outer sife1l (nentaty active) SAeeCrens) 
t ~ 


z° with its four ‘nearest peters enereby: effectively completing each atom! s - - ? 
” outer shell with its preferred number of electrons (eight). | ants ‘type of 


Bigot ser ecuron bonding between atoms is called covalent Soni 


tf by erenee Some external exciting process or’ “by random chance in | the 


Ww 


distribution of energy among the electrons, an electron receives sufficient 
“energy to break the covalent bond (about 8 a electron volts for germanium one 


t 


oe wbout | 1. 1 eV for silicon at room temperature) the electron is no longer bound 


: put is tree to drift within the crystal lattice. When the electron begins to 
freely drift, ite leaes behind a vacancy in ats ‘previous covalent: bond, “Other s* 


bound electrons of the adjacent atoms nay fill this bond, but will “leave behind 


yewancies in the bonds between other nearby obCns < 


z 


Serbbineem acne cme i ee = dass We ee ee er petaers 


I] 
bs : 


9 FILLED BY ANY. NEARBY 
cn O° ELECTRON 


e oO — oO. ~ QO e a 
oO ee oO en 
Oo 
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Figure 1 - 2 an 


nw 


the crystal is zero on even a microseeptc (but not atomic) scale, Thug the 


to break the covalent bond. >. 


mer pe ee Rte ee eee a 


—— VACANCY. WHICH MAY Y BE 


\ a 4 


The vacancy in this model is termed a “hole", As the ‘vacancy is repeatedly 


filled by bound electrons, the vacancy may” propagate from place to place in, 
iy “> 
the crystal. This process ig called ."hole arift The hole has associated | 
with it a positive charge due the “net: positive dives. of the atom oF Which one . 
® 


hole fs a vacancy. Despite ‘the fagt that ae electron has a ee charge 
» 


‘ and the ‘hole has a positive charge, the two charge "carriers" do not etegene= 


statically attract each other because ag the. hole and electron drift apart, 


the .many other electrons and holes in the crys al readjust their position 
slightly 80 that the value of *E (ine | electrostatic field atrengin) throughout ~ 


& 
« 


hole and electron drift independenty of éach other. Should an electron and. C 


hole drift together by chance ; ener sae annihilate each other (recombine) with ° 


_ the Liberation of an amount of energy equal 6 the energy originally aia 


¢ Define ' —_ ~~ 
; CF * mn = .concentration of free sientvone -. . 
: _«° 4d.e.-number of electrons not. bound. : : 
: .-, unit volume of crystal os 
“p = concentration of holes .  « 
; | | 
- ? / * 7 » 
i . -¢ M . ; NN 


“oT 
ae 


‘Sor a crystal of pure eommantum or silicon * 
Os me p oe eS ae a Oo ; aN 


a 
e 


ibeeause. free elec xmns and | holes’ are.gentrated 1x patra, Le ae oa Ce 


It is posaible to: ‘make the’ concetitration oft tree electrons (n) different 
\ 4 


from the concentration of holes (p) by growing Meneiee! or aonea, crystals. If 


e 


* crystals are grown of a mixture of germanium or silicon and a smal amount of 


eee another “élement: (ampurtiy) having five. electrons in its outer shed (such as 


4 


* arsenic or phosphorus), a crystal in sich n is prenter than p or tiactynal 
erystal resulta. Im such a materigi, the impurity atom which oceupies & nor- 


ty 
4 


mal lattice site now has one electron which is not bound by a’ covalent bond. 


a Np =CONCENTRATION OF "DONOR: 
** 0 ¢ IMPURITIES (BONATE ELECTRONS) © 


. 


co EXTRA" ELEC TRON | 


i - a Oo . ee “O° ‘a ay yo t 
: - : a , : Ny t 

oo N-TYPE IMPURITY "DONATING" 
7 oes as a "9 +. AN EXTRA ELECTRON’ 


rd u® . @ 


be, | 7 . | Figure 1 - 3 . ie . > Ae 

es The energy required to free this ' ‘extra” enecyaen te that it may drift about in 

| the | erystal is only on’ the order of one himdredth of the energy = . . 
nieaa cocaiatt bond.” At room temperature, essentially all of these extra 
Sientrone ve free, Note eee when the SEE GEEOn drifts away from the aeenli, 3 . * 
‘the atom has a positive charge. But this positive charge: cannot drift’ about a : — 
Like a hole because nearby electrons would eo to break a , covalent bond he - 


(requiring lots more energy) to fill this type of a vacancy, : and of coursé, Fo gs 


the atom itself .is locked in the aerate lattice so that. it dansiot drift. . 1 In 8 


\ 


v 


» 


8 " honogeneour-materta, the free Perce woule distribute naisaives tp. 


generate a hole-eléctron pair is required for ‘é nearby eléctron. to "slip over" 


_ such a vay as to. eel the clectronbatic! pens produced by the fixed, tosses 
impurity atomg. HoweVer, Ain a nonjlomogeneous material (auch as & diode | 
" Junction)’ these’ fixed charges may give rise to macroscopic observable chaz _ . 
acteristics, ha | ie So __ A 

Tt is wee possible to add impurities to germanium and silicon crystal 
so that the holes will outnumber thé ‘tree electrons (p-type material). Doping 


substances such as boron, aluminum, ‘oatitan. and indium have only three elec- 


cone in their outer shell. ; . a = ane ar: 


Naz CONCENTRATION, OF 


“ACCEPTOR” IMPURITY. . eo, 
IMPURITY. ATOM wet oe 


MISSING ELECTRON CAN "7 - 
ACCEPT NEARBY ELECTRON) O° Sr i 
Figure 1-4 ; oy wes ge - 

Only “about one-hundredth of the energy ‘required to break a covalent bond and. 


we — 


e ep A 


and complete the outer shell of the impurity atom. . Such. en action. generates 

8, hole which is’ now free. to drift within the crystal. Again, similar to ne 

type material, almost all. of the impurity atoms have their outer shells cole . . 
‘pleted He room temperature. ach impurity atom has a fixed negative charge ~, 
associated with it (due to its. "extra" electron in its outier shell), and in 

8 homogeneous material te mobile poem e charges (nibs) move so ad ad 


caincel, outig the glectrostatic field due 6 the fixed diiarues: 


es > 


Thus we see that. in a, doped Bee oneuelens mopr te charges (free-electrons 


and holes) avige from two sources: | a 8 4 ‘ 


a) brokéh covalent Souls yielding eleetron-hole pairs, 
b) ionized- -Ampurity atoms yielding free electrons or holes 


~ A 


depending on the type of impurity, “ 


u : a 


Vie 5 . 3 : Xr . Z * 


fe ~~ _ Suppose -we +have a waterial that is n=tyhe due to doping The adheentration 
a of electwons (n) will be greater than in the pure material due bo the tonined 
pe ‘impurity. “The. {neveaped population: ef free electrons increases the probabi1ity? 
“= ~ offa free-electron = a. hole and recombining. Therefore the concentration 
oo : of holes Will be leas in an n-type dpped risterial than in the pure material. 
. * In fact, guia mechanics applied to-this. problem will give us the eae 
a that the concentration~of holes times tie concentration of Siesirscs is equal 
to a number which is a function of the absolute temperature 
= fags . . tty | fe.) ne eee ee 
ae ’ . K .= constant with units of é mmaatttat | ‘ 
/ , Be = enekey to éeeate a hole-ellectron palr - . 
et ; (1.1 eV for Bi, 0.7 eV for: Ge) : 
| : mo, k = Boltzmann's constant’ | , 
7 a | , = some temperature : _ . we “es 
PROVIDED~THE SPMICONDUCTOR I! Is iN A STATE ‘OF cial eoeera (the. 
: F temperature is not chang ing and no current is flowing). 
: Sk Sumary 


u * 


tn sunmary, . some of the basic properties of the electron-hole model of 


& semiconductor are: - - 


a) free-electrons and holes are the MOBILE ee sapiens ina 

| pemiconductor | 
“b) electron-hole pairs may be: generated in the material by break-" 
ing covalent bonds (GENERATTON) _ 


¢) free-electrons and ypores may come together in the crystal. and 


“* anpini late each’ other with the meneeee of energy (RECOMBINATION) 


: a) seni conductor crystals may be ‘doped with impurities, yielding 
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free electrons or holes and FIXED CHARGES in the ‘crystal 
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" eee ‘Junctions are non-rectifying, ohmic contacts, 


to:a battery. 


abe uk: foie dines processes of: electrical conduction in a semi- 


conductor crystal. Suppose two. copper wires are fastened to an n-type 


™—mN . : : : 7 = 
material ‘by .some neballurgical process. We tifen graph the electrostatic 


potential AB :A functiton ‘of distance for this device, assuming the witte-semi~ 


N= TYPE 
SEMICONDUCTOR 7 
Se — 

~<COPPER“SEMICONDUCTOR JUNCTIONS 


tt - ® 


7 2 t 
~—_ ee em ice eas os 


Figure i -~ 5 i ae ihe 


The difference in electrostatic potential between the copper and the | 


, cont once is a. "coritact potential: difference" resulting from a difference | 


in the work functions, of he two materials. Remember that coc pcvaiais. 


Loe 


é: @ ‘ v 
cannot be maasured with a voltmeter having leads, since the sum of the con- 


- tact ‘potentials about any loop is zero (Enns 8 current ‘would flow, energy.- 


~~ 


aan would be. diset pated, and the second ad of ‘thermodynamics ‘would be violated), 


¢. 


ie are reassured that “RHE potential difference between the two pouber leads 
je " 


(which can be connected to an ordinary voltmeter) -a ZELOs » 


Re ° 


countaes the case Ghee the semiconductor with “attached wires is connected - 
oa ) an : 


med 


* DROP ACROSS 
SEMICO NDUCTOR 


RR V 


IF anal 
Ree... :, 
o4 


a 4 Figure 1 -'6 . a _. = 


: ba we -can neglect the effects of the ohmic voltage drops at the junctions, and 
ne) 
\ since the contact potentials seheels vet E - i Rey. rae se laa stiong ' ‘that 


I. is proportional to’ V, or that the semi.conducting eeyetal behaves like a vs 


u a fl 1 


resistor. ‘he characteristic of resistarice coupled to the fact that conduc- 
tion is by means of electrons prompts us to extend our model in terms oft the’ 


weil kriown model of electrical conduction by electrons in metals. 


© construct a model for a resistor using electron conduction, we reason 
. . 7 . . t's - 


‘thus: © . es 


~ . “3 : - : 
a) The current must be proportional to the number of charge carriers, 


. and their ‘velocity. . 


. 
- < z ee : 


b) Therefore the mppricaiten of a voltage to the crystal must change the 


z 


velocity of the charge carriers, change the number of charge carriers, or: 


result ing some combination of the two possible effects, 
x c) We turn to the theoretical. analyses | and experimental work of others 
e 

and accept &8 fact in our model .that: 


* 


7 ee 
a 


7 es : As the voitene applied to the i Las ane Reasee current at first, 


Taereases proportional to voltages This phenomenon is due to the speed 
A - 8 7 ne 


Y 


w 


applied field © 


- es 
a Sn eens applied voltage (actually, 
proportion tb the electric field strength). If the magnitude of the 


voltage {s increased peticidieay, the onent will sevens abruptly . 


a 


tT 
with small increases in voltage ‘In # very nonfinear nay. This effect 


- (avalanch) is excribed to the increage.in the number of cherge carriers, 


a) Consider the case where I is proportional to V. We must have the 
pei “. 
charge velocity increase proportional po the applied ¥alue of ee Ve snack 


“ina homogeneous crystal). . We" rationalize by saying each cartier is acted © 
upon by & roHee P = ae where g is the. value ef the electronic charge... If. 
the charge carrier is areleoteen, q =.<1.6 x 107 _ coulomb. This force 
‘accelerates the carrier which soon bumps" into the atoms composing ie crystal, 
These collisions change the direction of motion, so that ‘on uns average, ‘the 
‘ carrier hee a “drift wenectiy® or component of velocity in the dineation of 
the applied field that averages ue be proportional to the magnitude of the 


? a = 


= oe . 
,° VOR “uy € ile eae a : 


us mobility, @ constant © + 


and v = y » efor holes. (by analogy, holes are as good 


* carriers as electrons). The two equations: result from the convention that 


& 


wis ‘always posftive. Also, Mn # We because the mechanism of eonatetion 


of holes is different ehais “the mechanism of Senaneeien of er CUEOOSs 


é) Consider a. "Pi lament" of unit cross sectional area of the crystal - 


~ 


ani aitt ONE 
UNIT ONA SIDE . 


ny 


i a 
pirecbtiess Rcaieerea ian 


‘se as es ra - _— | 
The number of electrons crossing this area per unit time (flux of CNCCS oe 2 


"trons due to the batte’ being comneated) is equal to. the average elec- 


.) 


sien drift. velocity muabiples. by the number of electrons per. unit vol- ~ 


a ea 


ume of the crystal. of cpuree, this gives the flux d nsity. ie the 


totel flux of eléctrons were desired, one would simply integrate the 


4 


flux density over the, total crystal area. es 
esealty : . 
a = “electron flux dénsity = v n- | ~ 


The curr is the transport, of charge per unit time, and is simply the | 


charge of an electron multipLiea by the number of charges crossing the 


 ceiele een eet 


. area per unit time.” Prstry AE we” are working - ina ‘small “filament ‘of | 


a cS 


unit area, we’ are calculating the current density due to oe drift “ 
. > - 
rr en a “q = 1.6% x 10 “cool ¥ e 
a aw 2 a kn Se 4 . to 
“= - Rec#ll that Y= ~ om and elininiting ie See a ee 
" “, J =t q oe n vere : 
P n . — : . ‘ a 
. * which is Ohm's law at a point i . - . aa 
; am Z y se ~y . ; . 
oe Jn = @e -. @% = conductivity 
or © ° 2 t. . ; | 3 : 7 al : : 
- cies ; ; a . ; “ : 
? = t —4 ' . * 
34, c where § = resistivity a | 
"and. & _ £ 
1 
— ° Sa q Hn. ° . -: 
To find the ved teens of the crystal; we need. ease multiply by the length 
"and aivide by the total area, or te | te . 
' Resistance = sf ‘ ‘os 
Ss . . A ; ; ; : ‘ ; ‘ . 
G Ao : a = . ‘ . ¢" 
f) Similarly, in ap “type. material where p ia; orders of magnitude larger — 
than n,, and conduction is’ by means of holes. fy -~  * 
g ee; 
are J, = au, ne = ; . 
ne, ye 4 pre ' S- ye 
: q : 
i ‘ : « 
rt 22 i> 
e ' . 5 : . . . = : . 7 . | : r | es a 


panitude different from p, conduction — 


a 


+ 


ye both types of carriers is ‘aign?ticant and 7 . : ee 
_ . a 7 , ue 

| a. a ae 3 _ a -* 2 

“i 7 . 3 3 ~“ < S - . 4 . : a 


Loa J ote = q ( 4, P +o M ny 


Saye a) —@ % 


ee In brief summary: 7 ar 


a) the voltage-current shavacveriatie of a homogeneous jemiocnductiing 
ene Sr hele eae , 


-eryatal are the same as that of a resistor (it's junctions that cause. the non~' 


e . 7 A : . N ¢ 


linearities), “ 7 P a ee | @ 2 7 as 
ue = ») there are both positive Onis) and negutive (free. electrons) charge. - ee 
qeerer a semiconductor, These carriers arift Mndee the influence of an. : 
ae E - ‘field, produeing aqurrent, : : | . ° | - 7 
7 c). fis ‘resistivity of a nemieonductor isa functiton of the concentration : 
| - of ‘the chmige carriers. 7 — ce . 
s _ | Tt is possible for currents in semiconductors to arise from diffusion pro- 


. eg ond : ‘ 
cesses. in adh eion to the drift current previously considered. Diffusion 


, arines ‘in nonhomogeneous cases. supose that a number of pheGueone were 


Me 


i "injected" by some ynknown process intd & semiconducting orystal, analogous - 


e | to & drop of nik being - injected into a: bowl of water. In. time, the high : 
‘ censentration of electrons: (6m ink) sate ake eee poEhec tes diffused | : 


aay from. the original location due to she fact ‘that the particles ane freely 
_ - “dettting, possess random motions, arid have 8: high probabil lity of moving in 
a . attrections other than-together. The eventval dispersion of the electrons or 
“tk droplets represents a. everens or flux of the particles sie from their ce 


ae ; (Griginst Location. The aiftusion of ; particles is a€scribed by ale Law 


+ 
C =f . : 7 ae 


Whtch states that: . i - os 7 | 

| = oe 4 Z 
e" - 2% ‘ 

€2 | 4 SS 


oe het ae - of articles is related a to ‘the ¢ gradient: of te concentra~- 


_tilon N.by a ‘content a. 2 88, : 
2 ’ ~ a = D grad N or =» -=DVN. 
-* + where D is, the airtudigy conntent, | = 
“In one ‘Ateatnicn in rn ae ne 7 Nee i 
_&§. . - p ow $ é " . 3 | 5 - ; nO | woe § 
ae of 38 Pe gM dog 
For electrons . gm 156 x 1079 couronbs 
a 7 ; 
@, =@q Dd, Vn 
For holes“ , ae - _ . of | - 
w= D we 
2 »— ©” Sep 7h = 3 i = 
_ Again, D is Dy due to ‘the different procesdes' in ‘phe motion.of holes. or: 
: electron, ‘As. a emal- a alae, it® pan be’ “‘ghown that : Z 
a | De 2 KT —, | i Binstein relation f° = me oe 
u a es ; . eg : - . : 


v 
we 


ighie: Diffusion ene are important near the junction of a diode. ; 


be 
eons tang: the aritt and diffusion currents, the total current consists ‘of s 


the 
Y 


* ~ « foun parts ; a , : g % ** 
_ >. = _ ae, ot : whe cc tt 
: Teeter * Jerecton * Yhore ° * electron’ * “hole. ~ 
7 LS ark ft drift diffusion = diffusion 


& 


a t, the total current (steady a neglecting avatar currents) 


an J A * cas T Slectron i’ Thorg \ il To1ectron * Thole - 
. ‘drift * aritt : aiff, | ditt a3 


a ‘ ’ 
XN 


bi. must ‘be the same. aa any plane at aay place in the semiconductor or he leads 


¥ 


by. Kirchoft"'s current lew, Sr = oO. - However, the olatins Naseanee or magi - 


a 


oe eS tudes of the four components may frots place ‘to place in the. * semi conductor 


due to either nonhomegenuities in the crystal ‘or in the concentrations of holes: 


and electrona Sh. the erystel. | . an ~ aes 8 % 
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Oe 
The Ideal Diede 
ee 
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bone es | ; 

t : + ee: 


‘Consider a single crystal of germanium or silicon in which the doping 
-  Werdies with distance in such a way as td produde both an.n and a p type 

: ‘ 4 
material in the same erystal. ' 
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Figure l.- 8 
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The région where the material Sheneee from P to n-type is called the "junction" 


—or transition region, Clearly, ene crystal is not” homogeneous. in the jumetion a 


yv t 


region. Next, consider the erste as lying isolated, not connected to any 


energy source, and in the” thermodynamic equi ieeiumwith its surraundings. Far 


oe the junction region (on the onber of a few thousandths of an inch), p 


j 


. in the p-type material and n-= MN in the n-type material, Because np = Cy: 
“Bp Soren eee determined in the p-typé material (and will be eererer orders of - 
magnitude less than P in the, p-type material) and p will be determined in ae 


nye material (and will be several orders of magnitude less ‘than n inthe n- 


« 


ye mare) 
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‘diffusion current (I 
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_ There is an ‘orders of magni tide change in the concentrations of ‘electrons 


ry 


and holes in the junction penton: ’ The large variation in, “the concenbrations ‘of 


the chprge carriers gives Hise to di'r fusion chrrents. Holes, = from the 


1 or) 


p-type hatettal to the. n-type material, and electrons diffuse, ffom the ne % 


~\ 
+ 


material to ‘the p-type material. * The ‘rendport of holes and electrons ‘ds a 


. P % * Ma é rf 
’ * i a . i 
f 7 Tp ND, _ 
; : ; lpg fe ite “¢ ro, 


4 
rt Coan 


y From the p+type: material to the h-type material, The 


“ 


dift 


carrier concentration’ never equalize across the junction, that is, the agf— 


fusion current, is we a “transient phenomenon. : A hole, -enossing pe Junction 


\ 


from the P. to the n-type material finds itself in: & region where there are ead 
electrons. The? probability of the Hole ‘recombining with an ehectron ‘drastically, 
increases. The result is that practically all thé carriers that diffuse across 
the junction Fecombine. Holes. are resupplied uO une p-typé material at ie 


& 


= convert by & a fairly complicated’ process we choose not to describe i pre- 
Ca » 


sent, and by & drift process about, to be described. A simtlar argument holds i0r : 


a 


electrons. . _ 3 


a 


&. 


x ee , oe . ' a . 
F . 
. 
\ 
; a ge se 
oa. ~ : : & a ‘ 
oe : Sy . 
2 H . ® r 


\ 


Bitenibrey Guat toen “Yet, the total current eae be zero, since the: ery 


stat te abectotoally deolatea. ‘Therefore & hips current must, exiat that 


enmotly cancels: the aiftusion current. 2 _ : 


LO Tease * Manet . 7 5 
’ ‘ » 


We next. consider the source of the F field that "drives" the drift current, i — 


ia 


- 
= . 


At the junction region, thie concentration of holes in. one p-type abetial 

“ts decreased (refer ‘to Fig. 1-9) below 4%, due to the high rate of diffusion of 
holes away from that‘ location. sine the lonized acceptor abou have a nega 
tive charge, and the atoms are fixed in the a lattice, there is a nega- 


yo tive charge density located in the’ p-type material near the junction. Similarly 


z the n-type side of the junction, the electron: deinity is lowered and the 


fixed charge due to Ny couees a pentane charge aaa oles result in ‘the n-type 
ho ‘.. negion. The charge densities and concentrations are shown in Figure 1-10 on a BS 


linear scale (recall that Fig. 1 2 has a Lonmiennds carrier density sede 
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me enna gonaities due to the fixed charges: give — +6: an electrostatic oe eS 


~ field: which causes: electrons to aris toward “thie: neti erage and. holes to . = 
a ‘avirt toward ‘the. pstyne material. Becaune She. ectralibattc field swe 1} s a .4 
mobile chargea out of the. junction region, the concentration of i _ es 
riers. i. aT peed to caxrier cqnnanbrettons in the bul of the P p ‘and n- 

‘ ng 


type materials, The- region of low concentration of mobile carriérs is known as 
the "depletion region" or Naepletion leyer." 


a 


Next we choose to calculate the sieckiobtdtic potential’ that exists BCYORE | 


er. ee 
the depletion region, yiret we apply Gauss' Law € ¢ Jsetv . fe th a’ 


. Then sitice ~ [Eki bal Vas » we can find the potential, aittenence that 


exists. across the junction, To excel the calculation, We make the justi 
ai savtmptiion (for the desired accuracy of our “datitatins analysis). that the 
charge density is a eovenene in the petype region and a different constant in the 
Hw type mee ton (esac riers Fig.. ote 10 ¢), this neglecting the getails of the 
edges of the depletion region. 
Consider a filament one unit on a side within the crystal (s0 we can con- 
sider densities irrespective of the crystal dimensions). Because of the axidl 


symmetry, only.variations in the x diraction (along the length of the filament ) 


a- : ° 
a 


“Note that by convention 9: is “used both for charge density and resist ay: 


2 (chatge ‘density) has units of coulomb/meter> while 9 (resistivity) has units | 
ohm meter. : 
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d 


nead E eacm tae and we have ortly to analyse ‘a one , dimensional "problem, 


‘atarting at x 4. (rig, 2 - ~ 1r) An the p-type material and working toward the "4 


n-type maberdal, at first no charge is. enclosed -in the daualan surface, thet ' ae a 


oa, a constant, otange density is ‘encountered wa Jg d e ms =8 Ax *C (uit hae go - ee 
Le Shs 3), SURFACES . anaes? a Z ; " 
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Figure 1-- il 
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The tela se ry \ Lnede function of Atstance (2), and the potential is a. pare - 


ao moet jo of distance (x). The potential éiffemence V an. ‘Deusen ‘the Pp: 
a Also, the . ‘area of ‘the chmige a density versus distance’ for the p-type mrterial 
ai, 6 (Fig, is bb) Joust tumctily regrand tthe ares of the change density versus distance 
| for tice: n-type material. Otherwise anf -field would exist outside: the deple- 
oP. tion region causing electron drift far from the “junction nich does not agree 

. | with observed Hasta owes model if, pursued with sufficient detail. 
. . ‘i . Next consider a battens applied to the device. We have seen fae a the | 
* CBBC of Zero current coe the denice, the current is made up ef a diffusion 
and a arite cotiporient that ‘cancel or balance’ each ether: Applying an external 4 
. . , nee source will upset the balenos and a net current will flow. rf} we can 

. | 8 sume that iia all of any voltage applied to the device: appears across 
| . the junction, ‘ihe analysis is “greatly simplified. Such an assumption is usually 
7 * Justified in signal type aiedas because the distance between the junction and 
: ohmic contacts is small, the current density sufficiently low, and the resist- 

_ ivity of the. material is sufficiently ‘small that the bulk of the semicondudtor ”” 


mterials far from the transition region has a negligible effect on the’ nae 


. - trical characteriabica of the device. | 

. _ €. Figure 1-12 shows the differences in’ junction charge, & -riela, and poten- . 
tial ‘ations ia cane ef zero current (zebo applied voltage) and forward con- 

¢ isstitens (forward voltage bias). The déplet fon ivan changes its length depend- 

ent on the applied voltage. The forward bias voltage Bb reduces -the drift com~ 

ponent of current in the Junction region because Eis reduced.. The charge dis- 


‘tributions in the copper-semiconductor junctions are simple inventions to make 


the intact potanvie le cincel eround the Loop when a is zero. The physical 
arene of the neta. semiconductor Junctions are outside the scope of the pre- 
went course. We have adopted the following commonly used assumptions: me 
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res ° ’ es 


> a , &. 


oy 


"and n-type naterials is the contact Potential between there Ascimilae materials. 


ey ne 


eet 


at 


: ‘) rR avons. in the ‘yimes ‘and the n and o-tape materiale outede ‘the: 


. ao dnote anee the negligible conipagted. $8: a "Phen! TR drops ane. ea 
A ate ols | 
a mesponstiote for drift ourrents outetde the Junction Fegion. (an the wire’ ; 
SieAifs teat Stes oa Seeanie dba gegen lease Slew cke gd anced deere a ees een deeclee aah. i naebanleedamucean’ porte te ryt a 
for exahiple) but: Ag not ntignitionntay, contribute bo. the: (gross T-V cher = 
eS, 


\ : : ‘ * ¢ 


ere acterdatics of the device. a re ee 


‘ _ py) The métalssemicanductor ‘contact, potential differences ‘do not. ‘etanit- 


: icantly Gauge as a tinction: of current. Note that thesé potential drops — 


ae : ; are not insignificait comaeied 66 ap? but if they are not & function of ~ 
— ys ‘current, the eee in Yon due to the connection of a battery is Approx - ™ a 
es = . | aes 
4 imately equal t to the battery voltage. . . _ ae 
i t . . The charge, field,.and potential distribution in the diode under a i 
i _ my * ae 
-reverse bias conditions are shown in Figure 1 - 13. ss a : 
rar 4 ’ ae . . a oe +. & 4 
™ : 7 . : ry ® 64 ) 
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REVERSE 
BIAS 


Set, ‘ , . 


a oe oe Me, a 


ae Ae ‘the. reverse. voitage is: Anarene, ttn Lena of fine ‘depletion “region 


ny . rego incneases. Me, drift. ounrent. (from, the. n tq. the petype material); 


= shoultr tnorease and the atffusion current (from. R to n-type riaterial) shold. 


i ee ee SO ye sent neat, 2 nies He ie ears 
ee ee ee ee ee ae 


inenesmees and: biter migditde oft tne: fiieadi strength (,) within the ee 


abeas about. the. "saan veins, ase. din: the: sanor¥ina: ieaares or else. decrease. 

| consider whether or not’ is is possibile for, thes ‘drift current to exceed 
‘the previously dincussed diffusion currents puenoueh the situation 7 con- 
fusing at small reverse bias (because the diffusion and mobi lity constants. 


fSr- holes and electrons are different), the model is easily understood at 


large reverse bias. The drift current. in the Junction region arises from, ee 


drifting under the. influence. of .the ee -fikld of mobile carriers that have dif- 


fused into the junction area. At large ‘reverse bias, all of the holes sues 


et 


diffuse into the Junction region from the p-type material a all of the Pies, ae 


. electrons that diffuse into the, Junction region from the n-type material are ~ 


turned. back by the high field. Thus it would seem the drift current cannot. 
7 ; : ; 
exceed: the diffusion current, and the net current should. be ‘zero for reverse 


ee 


bias. 7 "es a \ 
| We have neglected a important fact. , In causidering the cases of somvand 
and @ErO-DI88 5 the concentration of carriers in the junction region exceeded 

the concentration. of minority carriers (p in the n-type material and n ‘in the 


_ 


prtype. jadevlaa)) aa; shown: in as 1-9, For jarge reverse bias, “the concen- 


4 


tration of mobile: carriers. in. the Joniebion is’ further reduc ed (rig. 1-14) due 
eatet- 4 my ; ‘ : 


to: the: large: rl field: 7 ‘the: junction region. 
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- DEPLETION REGION . BIG Be te @ 


© . So . a 7 ‘Hgure 1 - 1h Fae, " 
bee ' ; * 
ae The concentration of oe carriers in’ the junction vee on: becomes ‘BO* eine,11. . ‘ 
i e a oe : . Say 
‘i that. the minority carriers also diffuse: into the junction region (here labeled yw 
-e 7 “back ‘aigfusion"). ‘The mipority sais & are, of such polarity: ‘as to be carried - | ae 
4 by the adrift. the remajning way across the Finetion,. giving . rise we & reverse 
current. a =. : | 
‘ Jreverse = Ties, forward — i —— Taree, forward 
an electrons * — holes 7 
hin SF Tat ee pack + Faaepack 
_ Pa .  @lectrans: holes 
" es Tate = lait. 
_ ee er ereewnens - Se re holes | 
. . Because the concentration of minority carriers is aa of magnitude less 
: than: ‘the concentration of majority anes ; fie earee: that the reverse current 
‘ " 
- : should ba ditiere of magnitude smaller than the forward current for the sane, 
86 
es 
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- magitaiace forward aon reverse voltage. bias applica to the device ‘terminals. . 
Aksoy. changing. the magnitude, of ‘the reverse‘ bias. flings under conditions of 
larg@ reverse bias should not change the. magnitude of the reyerse current, since 
the current. is Limited by “back diffusion" and the voltage change doea nob. have 
much. -effenb. on the concenbration gvedient ate te iedgue of the Sunveion ceaton 
These ‘predictions aré correct. Careful application. of the electron~hole mode 1 a 
of the junction, plus some sa ticabi oa of tatistical mechanics would allow us | 


to dérive the ideal diode’ equation which is « good approximation to the V - a 


: characteristics of @ signal diode over its normal opeyatihg range. 


AVALANGH | | eT, we ~~ ) 

REGION ~ "IDEAL DIODE* ‘EQUATION 

LM, Q 
M = i=Oval" 


\ a 
Figure 1 - 15 
The ideal diode equation is a valid approximation to the VI characteristic 
of any diode provided: _ . i 
\ : * 
Ya). ohmic drops are negligiple 
b) -most of the current is conducted through the junction rather, than at 
re . < 


the surface of the crystal ("Leakage currents" around the junction are 
caused. by’ contaminants and imperfections in the crystal sans which often 
exists at the surface of the crystal). 
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wregion’ is renin approximated by the relation, | 
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ec) "normal" diffusion-drift processes account for the carrier transport oe 


¢ 


eeress the junction. . 


Notice thé ideal diode equation is not a good approximatin aor voltages near 


< 


ie value of the breakdown voltage (Vv 2) for the diode. (“avedanch" region 

Fig. 1 - 15). The ‘avalanch region octurs (from the point of view oe our model) 
when the reverse bias voltage becomes go large, and the magnitude of the €-field 
rsKe) large, that mobile carriers gain so much kinetic, energy: between collisions : : 
that they can break covalent bonds in the junction region (refer to Fig: 1-13). 

. When a carrier (hole or electron) bretks a Ces bond, “two additional car- 
riers result which are also accelerated by thef-tield apd break more covalent | 


bonds. This process is coe as the- “avalanch process" and is responsible for 


a 


drastically increasing the concentration of mobile carriers of* the en 


region, resulting a a sharp caepeaee in current. « cueeent in the avalanch 
ve A 


¢ 


TT wt. * n varies. between 2 and 4 depending 
ae gi. Ve ne e ne Moe A Srystal Material... 


oo sehr Be, capes } te nen “yee : “ye 
. Sos op etree i 
The avalancn equation is an empirical relation,’ fitted to the V- T curve in t the | 


avalanch region. The enetancn equation has not been derived from fundamenta] 


‘ 


crystal properties. . 
While avalanch is not necessarily destructive to the diode, unless the 
diode has been specifically constructed to work in the avalanch sebicn, excess- 
ive reverse voltage and subsequent avalanch leads to diode failure. The large 
simuleaneous current and voltage in. the avalanch region means that teedience 

= dissipating energy at a rate far exceeding the rate of ie al in the 
ideal diode region. Unless some apeceey circuit or construction provision has 
: ’ 


been made, the temperature at the junction may rise above the melting point of 


eo ; 
the crystal. When the crystal (or some small area of the co melts, it 
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wv 


loses er Drepertaors Even if the Current is interrupted before 


the Leads or ween vapor|zes, the device has been ruined because the recti- 


fy‘ing properties ao. not re Pee pen cooling, The monven section does not 
is 


recrystallize with he 8 e structure that exlated before ares and the: 
‘device exhibits propevties similar to’ that of a resistor after cooling. | 


Briefly considering the transient behaviour of the diode, there are two 
’ ‘ 
predominant phenomena, the fixed charges in the depletion layer ‘act as & 


Z stored charge, ‘dependent on terminal ie teeae. ‘giniier to the stored charge on 


a parallel plate a Thus the depletion layer acts as a capacitor whose 


value decane. on the applied voltage. Similar devices are used for high frequency 
tuning circuits’ (varactor diodes).” For signal diodes, the capacitance value is 


usually on the order of some tens of picot'arods. Also, when the voltage aCross 


‘ 


the junction changes, “the tenth of the depletion region’ changes, and eras 


a 


a * the @istribution of enlle charge carriers changes. During the time the distribu- 


tion.of mobile carriers is changing toward a new steady-state, the motion of the 
¢ 


carriers gives rise to cutrents. Because these currents are assoolated with the — 


; sO 2 . 
presence or absence of mobile carriers near the junction (i.e. “storage” of 


carriers ) the effects of hese charges can be associated with another capaci- 


tance (in addition to the depletion. capacitance ) which is both time and voltage 
varying. oS 


¢ Summarizing: 
a) There is a balance of diffusion ccenente across & pen junction, 
b) The fixed charge densities: in the depletion seeten are approximate Ly 
equal to the doping densities, | 
c) The fixed charge densities in the depletion region are directly elute 


wate 


(through “Gauss Taw) to the value of & in the junction region and the 


terminal voltage across the device, 
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aj The ideal diode equation Tat ea -1) 4s a good Bonrorestion 
‘to the characteristics of a signal diode Ee oo = 

1) ohmic drops are negligible, *— - 4.) - . 
2) there is negligible "leakage current," | | 
3) the voltage is below the breakdown voltage. . ~ % on 


e) Avalanching is related to the value of the field ik the Junction’ 


region and hence to Vas — SY ne Be 


e- 


ft) There are “voltage dependent and time varying capacitances associated ‘. 
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with the p-h junction. | 
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‘The two: most prominaht fata for @ power ‘digde are the maximum or eae 
reverse mortage’ the atone’ can | maintain ghort of avatanch, and the maximum 
steady state forward suevent< Because the cost of aa diode increases for os 
increasing. peak reverse voltage for cohstant forward current rating, and 
‘the cost increases for increasing forward current rating for constant peak 
. reverse voltage: rating, es also because the power dissipated in a diode 

increases as the current rating increases, diodes | are normally chosen to’ 
operate near their maximum ratings. Any ieatety factor" applied to the. 
ratings viii Gopent on the ‘specific Ro cteristica of the siveais in which 
the diode is to be used and the quality control of the manufacturer of the 
diode. . | 
“Recept for any required safety factor, a diode will normally be operated 
. at the maccimun, voltages .and steady state current the device can. tolerate. 
Therefore, he tea made in the case of signal diodes must be re- 
examined for the case of power diodes. | 
a) I-R arope a 
If the forward -current is the maximum possiblé steady state 
value, the current meng ey in the crystal is also as high as passible. 
The current and current denaity ¢ are limited by the maximum allowable 
junction tenkierature specified by the manufacturer such that long 
term Keseatation of the diode does not result (about 190° c for S., ) 
: because di od| ¥emperature is in part a function of forward current. 
‘the large cae density gives rise to nonenegligible (compared : 
iy L. voltage drops across — 


Yee +.  . to the total forward voltage across the 


the p and n-type gemiconguctor material outside the junction region, 


ee ; and across the metal-semiconductor junctions, Furthermore, because 
ae A ee 5 “yee . : 7 : aw. : 
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of the high concentration of mobile carriers diffusing across the 

junction, the concentration of mobile carriers in the crystal far 

from the junction la increaged. The higher than thermodynamic 
equilibrium concentralion of carriers outside the junction area 

reduces the resistivity of the crystal connckivity modulation"), 

Thus “the aiode “ohmic drops" which éannot be neglected at high cur-" 

conta very as @ function of current in a nonlinear way. 


ae 


XN b) Leakage currents _ a ~g # : 

surface leakage currents around the junction are not negligible ° 

compared to I, in high power diodes. The leakage- currents become . 

significant compared to I, in power diodes due to the large fields 

‘at the junction oa the diode is operated at maximum reverse volt- 
“age, the increased circumference of the leakage ee larger diodes, 
and because of di ppovencés in the geometry of — and power diodes 
my *< : avistne from thé need to dissipate more heat ania pass larger currents 


in power diodes. - Ps 


4 
The steady state equivalent sireudt. of a power azode would look Like; 


LEAKAGE 


(DEAL. JUNCTIC IR DRORS 


~ 
“ 


~ 


In addition’ to the leakage and '[R" resistances, I, is larger in powér diodes 
than in signal diodes because the Junction area increases as the current rating 
increases (keeping current density about the same), and i. is proportional to 

, vhe junction area. Le plus the leakage current is frequently specified by 
the danutactunes for peak reverse current and maximum temperature. A typical 


\ 


specification might be: °, : 


“ERG on 


‘only Mitt on transient forward current is the melting or fusing: of the 


“commonly a waveform (uavally a 60 H, sine wave). is specified as 8 transient, 


also propartional to we current rating. It is instructive to consider a 


Tcceaca 7 Current at ‘Max. 3 5 7, 


ee nok _Semprandipated P.RVe 60, Hy — 
cr : _ ; a) » st 
500 ~ Oa | , WO MA @ 190° —— BOOOA 


ee 


. 


c 


» Aumaximuln current aurge for.ay given: hime: is. abso. frequently: spedified. The 


> 


diode or its leads. . Therefore, @ current and a time corresponding toa ,., 


« 


aurge ac = | @ 


The power ‘Afode transient behavior depends not only on the Sea 


modulation effect, put. on the diode capacitance (voltage and time varying) 


which increases roughly proportional to the junction area and therefgre 


square wave vores Scanaiett applied to a diode-resistor circuit (Fig. 1-16). 
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Figure 1 - 16 
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Reverse bias voltage FE has been applied for a long time. A 


atdady state reverse current I + T leakage flows. ~ 
t x 8 . 


amr) 


“The voltage applied to ‘the cirauit suddenly reverses polarity. 


. 


Current rises as the new mobile carrier :diktributdon comes to 


steady-state and the resistivity of the crystal far from the 


junction decreages due to the high level of minority carrier 


4 


concentration. Note that it\is nonsensical to talk about th 


> 


"resistance" of the diode. 


é 


\ 


The steady state in the forward bias condition has been achieved. 


n v 


The applied voltage polarity again reverses. Because the voltage 


across the depletion layer cannot change instantaneously due to 


the depletion capacitance, a current greater than the steady- 


state forward current maty result, 


- 
. 3 ry 


‘Carriers are being awept “out of the new depletion region and 


the bulk of the crystal. The motion of the "extra" mobile 


‘charges (existing yet from the ‘forward bias condition) causes 


currents to flow until the excess carriers are recofibined and 


& new steady state is reached. The division between region 


3 and 4 is arbitrarily set. ‘Time period 3 is called the 


"storage time".and persists from the time the voltage V is 


ra 


j ; ‘ “8 . = A 
reversed until the current has decreased to 90 per cent of its peak 


. a, ; yi 
‘reverse value (in accordance with standard definitions regarding 


_« | pulse waveforms). ‘The dteady state reverse-bias conditions are 


reached "late" in pegiod 4. ° _ 

In SUTMArY , the differences petweeh power and signal diodes are reason- 
ably predictable ein terms of the;electron-hole model given the fact that - 
power diodes operate at near_ ee oe es steady-state current derinitiew 
and peak reverse voltages. Power diodes have. significant "ohmic" [R dreps 
which are conductivity moduleted. Teskage currents are significant compared 
to I, at fanscieien waverse voltages. Ty and the diode capacitance increase’ as | 
the Suman rating arid junct4# aren tacregies. Finally, it is necessary 
to bear in mind that the "capacitances" and ohmic "resistances" are current, 


’ _ 
time, and voltage dependent and are not easily. represented in an equivalent 


circuit, 
/ 
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Diodes in Serles and Parallel | . —_ 


Sometimes it is desired to use seuteondictor diodes in circuits nei 
the Voltages and currents are outside the rating range af commercially avail - 
ablei diodes. In such cases, diodes may be connected in series to increase the 
voltage rating of: the rectifier and/or. parallel to increase the current hand- 
ling capability of the rectifier. 


Consider two diodes (same rating, same type number ) connected in series. 
. ~ Meey ’ 53 meee 2 


’ ; j ee 


The 1T-V characteristics of the two estes will generally not be identical! 

In. the forward direction, both diodes canduct the same amount of current, and 
some small different voltage appears across each diode. Clearly the current > s 
rating of the diode pair is the same as the current rating of one of the diodes. 
In the reverse direction, the same’current flows in each diode, and each figis 
supports @ different reverse voltage. » The peta Cf the voltages across the 
diodes will depend on how similar the diode characteristics are, as shown in - 
Figure 1-17. The voltage rating of the diode paif must be larger than the rating 
of one diode, because part ~of” the total. applied voltage will appear across the 
other diode. However’, the voltage rating of the diode. pair must Ne. hese than * 
twice the voltage rating of a single diode because the voltages do not divide 


See 


aver Gp ; a ¢ 


{7 


: Junction diode equation I= A. (8 Vp/ar 1). , 


a -  aeeene - 


Note: ‘The direction of V,,, Vpp and I,are chosen to agree with the con- 


ventional wey of oo. the I-V characteristics of a diode and the ideal 
~~ ' Figure 1-17 : 

Tus the series connection of diodes requires either careful matohive of 
the diode I-V characteristics or some additional circuitry to make the voltage 
divide more evenly. A simple and commonly used solution to this problem is to 
connect 'a resistor acros& each diode. Although a aifrerent value of resistor 


one 


could be placed: across each diode to achieve some optimum voltage division, a = 


more practical approach -is to place the same. value of resistor-across each diode, ~ 


- eliminating the problem of matching resistor values to individual diode char- 


| acteristics, and making replacement of defective units simple. Figure 1-18 


shows the effect of placing resistors across the diodes of Figure 1-17. 
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In addition to thé steady state voltage distribution along a string of 
srioaecaiecten diodes, some provision must usually be made for transient 
volvaee changes. such transiente might be caused by switching loads, lightning, 
or the initial application of voltage to the dhode circuit, Assume a voltage 
transient of seb 8 polarity as 5 dinepenes the reverse bias is applied to a 
series etrine of diodes, a first, all of the diodes pass a SneeIne: current 
which depends upon the eisnstect amplitude, the eircult ‘load, and to some 1 
extent, the diodes. The change in current is relatively independent of the 
diodes due to yunetiion cauacitancend carrier storage effects which allow: 

+ large currents to flow until 9 new steady-state distribution of carriers is 
‘achieved in the diode.. Because’ of minute differences among the diodes, some 

+ ° diodes will approach a! new steady-state distribution of carriers before other 
diodes. These-."faster acti diodes in the String then attempt to control 
and block the current associated with the WOryOne transient. ‘Thus the "faster 
acting" diodes will receive,reverse voltages gréater than their fair share 
(the total applied voltage divided by the er of diodes). The voltage 
across one of the"faster acting" diodes sac exceed the peak reverse 
voltage rating of the diode and cause the diode to fail. If the diode fails 
by "shorting out", a common occurrence, the voltage on the other diodes of the 
\ - stine tienes causing other diodes to fail until something .fuses, disrupting 


~ 


the current. 


c 
Diode strings are commonly protected from voltage transients by shunting a 
capaci tor around ceai diode (Figure 1-19), The capacitors ‘can be thought of 
. as bypaading abrupt vortene transients around the diode string, dividing the 
voltage transient equally among the diodes by a capacitance divider action, 


and limiting the. rate of change of voltage across the "fact acting" diodes. 
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The magnitude of expected transients must be estimated in- order to choose the 
capacttor voltage rating as well as the PRV of the diodes, and the entire cir- 


cuit muat be considered in choosing the value of capacitance necessary to Limit 


+ 


the rate of change of voltage across the fastest acting diode. 
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Figure 1 
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Diodes sine frequently paralleled (Fig. 1-20) to achieve higher current 
capabilities iansspnebent verines of single commerical diodes would permit. 
A small resistance is sometimes placed in series with each diode to assure 
the @ven division of the steady state current. Transient phenomena are -, 
as important in the case of parallel diodes as in the case of series diodes. 
Fach of the diodes can withstand the peak reverse voltage, and since each 
oe ‘dioge can withstand large transient surge currents, the transient case where 


some diodes conduct better than others is usually not of practical importance. 
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Modeling a Simple Diode Circuit 


We next consider in some a6tail the analysis of a simple circuit that 


¥ 


as, . 


oe 


includes. a diode. ‘The emphadis in the analysis will be on the ‘process. of 


_ modeling a simplified circuit to approximate the real, ‘physical circuit.. 
In: engineering, & rigorous solution of'a problem in all possible detail 


and exactitude is never desired. The most elementary real problems would 


take months or would be unsolvable if the ultimate in accuracy and physical 
/ ; 


: | a : Pa : -+ . . . oe | : + 
reasoning Were required, where even conduction in a copper wire poses formid- 


able problems of quantum mechanics, heat flow, surface phenomena, insulation 
ai etc. ‘The degree to which a red&l interconnection of electrical 
devifes may be simplified (modeled) depends on the question the analysis hopes 


to answer. Also, ‘since and approximate answer is desired rather than: "THR 


~ 


“TRUTH, " itt may be perfect ly reasonable as well as desirable to change assump-. 


tions, simplifications, and models inithe middle ofa problem as illustrated 


by the following problem.: 


A 14590 diode’ is connected in series with a 2.4 ohm peste a 
240 volt, 60 Hz souree (Figure 1-21). It is given that: 
| (a) the internal. impedance of the source is much less than 2.4 sine 
(b). the ease e behaves as a pure peataeanae at 60 tz (has negli- 
gible distributed inductance and saad ene) 
(c) and the connecting wires and their svete connectlons have 


resistances negligibly small compared with 2.4 2. 


IN45°90 
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Queation: How much ‘power is dissipated by the diode? We want to 
choose 4n appropriate heat~sink on which to mount the diode. P 
Solution: The fact that the answer is to be used to choose a heat 


sink gives us some idea of the @ecuracy of the solution that ue be required. 


Certainly an error ‘of a Factor sis 2 would be too large, dawg a& severe 


“overdesign" in the choice of the heat eink. Similarly, provided somé exotit 
application such as.a space-satellite requiring a careful dissipation budget 
is -not contemplated, a.calculation to within 1% would be ridiculously accurate es 


for the problem. The desired accuracy will depend on the cost of the heat- 


sink as a function of its cooling power, but a first-shot aim at an accuracy 


of 10-20% does not seem mreasonable. 
: > 


In forming & plan of attack of the problem, we notice that neither the 


voltage across nor the current through the diode is sinusoidal. Therefore, 


the power dissipated will not be 
P= Vorms dws cos © 


which is valid only for sinusoidal waveforms. We must go back to the funda- _ . 


-mental definition of electrical power, which is 


P=tfei dt 


where e = voltage between terminals = Vy 
- I. 
i = current 
y = time duration -of one cycle 
Pp _= power dissipated in the device 


Recall that by a simple change of variable, 
@= wt where T corresponds 


to 8: 27 and w is the angular frequency, yields the equally valid 


power aero 


p= arf eu to 


“ive to ‘adlve: “the: ep bi, we must find “the wrortage ecroae the tdLowe. and 


a ie ewomant, bhrobah ie. akode: 9s functions of time - or 8, 4% mptiply tl he “two 4 


‘sfunctions together, ‘and Integrate over one cycle, 


ie 3 5 appt 


avn ‘icamination of a. masititadtivver’ g date ‘gheet concerning’ a aig90 dtoae 


mM 


- Ptelae ‘the ; stcLewing: state en | spect fications: rr ea a Oe 


& “Wax repetitive peak reversé volta | ci - Oo volts 
‘, 4 Max Paekt reverse volts-for one half wave, 60 Hz sinusoidal, “pulse, | -525 soles 
. on ; MAX: allowable blopking direct-voltage 4 ee ae ae er volts 
. . %. 4 
Max - -averagé reverse current at PRV (repetitive), 150A forward \ ‘ee ad 
* current, junction temperatture ae i” Cc -9.0 m & - 


Max forward voltage drop, 150 amps average current, 110°c . 


ae ma aed on temp a , -_ +1. 35 volts ‘ ; 
| Mae forward full cycle avetege current _ . — 150 A | ; 
‘Max 1/2 cycle, 60 Hz, eae surge current a 3000 A 
3 - . ; (Westinghouse data sheet 54-166) ° 


. 
A, : - nN 


4 . . : ; ‘ 
First we note, that no data are given concerning junction capacitance 
and carrier storage times. Since 60 Hz is mentioned in.the given specifica-.. 


a i tions, and the circuit we are considering does not seem to be an "exotic! . - 


application of a diode, | a reasonable inference is that the diode capacitive \ 
_ effects are not significant on a time scale of 60 Hz (wil? m sec). Although 
we could search further for information | from people experienced in working 


‘guch. problems, ‘the manufacturer; oF advagced texts and publications, we choose 


Lad 


ae __ here to eagume that such capaci tauttes Peak! be negligible (on the hint that no 


i nos ‘ oo. 
specificaticns or data are mentioned: on the data sheet) subject Lo laboratory 
; : ~ & z 
a 4s “verification. - We shall have ratdesa an voltage and current waveforms to 
‘solve me eel anyway. ie! shal set up an experiment (after Lhe cateulation 


-shows otha Pehsuld tere ped en the cuuanyed waNetonns drastically ° 


ue, . : , . = ‘ 
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differ from. the calculated vaveform in auch a way, that could be attributed 


- diode capgei tances, we shall bave %0 "sopntof@-ato" our ‘calculations. 


We do ‘not have ‘the V-I Shapacteviatie of the diode. We vould request 


| addi tt onal information fron a nantfacturer, (We would regelve fami ites of 


¥=T characteristics, ais wunctions of Leipere tie. We mnight-also receive 


s 


eee for the V-I cnerectens@tlce: ) However, we may. be ote to are 


, 
z 

é 
t 


. at, some reasonable comet ibs using our mie ece? oft the diode in-general 


aod the given diode specifications. 


Consider the half eycle in which the diode is forward biased and. con- 


— ducting. A maximum wottane of 1.35 v appears across the diode which. is 


small compared to the source voltage 2koye. 2, PHEBOTOEE, to a reasonably, good 


Vv 
approximation, the ditode voltage is neglfgible and Ie: Rm 
I: loovr sin aot Frem wot 0° & wot (to 


4 


During the next half a the. max Linum reverse current is. 9mA. IR.can be 
at most .009 x 2.4 volts which, is small compared to 2ho VB volts. Therefore 


the diode voltage will approximately equal the source voltage for the. heif 
® 
cycle the diode is reverse biased. 


Vp = 24004 sin wt 


Now if we can make some. reasonable approximations about the ‘forward aie 
A 


drop (with our known forward | purrent) and the reverse current (with known. 


rd 


reverse voltage) weteborna, we shall be able to calculate the power dissipated 
“in ene diode. However, we note a glaring logical inconsistency. Our perfectly 


valid approximations concerning negligible forward voltage drop and negligible 


reverse current are equivalent to replacing the diode by &n ideal swi tch 


f 
(Fig. 1 - 22). 


eot= 180° te , of 2 360 


H~CLOSED Fon: -gP<agterse* Lee ae 


we 


* PHN FOR t reg” <wt <seo? a. % ae, “Hae 


at Ce 


= " a4 Figure 1 - 22. 


The switch ig a lossless element, and we now propose ‘to calculate the power 


1, 


} 


lost in the wettent of course, thelaicuies is hot ihconsistent: provided vs , 
we we distinguish between negligible quantities and ZErO. The principle is 


™~ . ’ ‘ 
+. 


emphasized by considering a trivial problem. 


. om Digression . . 
. a ; . ; , , . "* : 
~  donsider aBimple series circuit consisting of! an A-C source, 


@ resistor, and an ideal inductor (Wig. 1-23). 


id 


ms ‘Figure 1 - 23 ~ ; 

What is the circuit current, and what power is dissipated in the 
cireult? 
4 ’ : a : 
This aimple problem can be worked by inspection to better gt . 
than 1% accuracy, if’ ene realizes that the 1 ohm resistor imped - 

ance is negligible sapere to the 100 ohm inductor impedance « #* 
ih .* eae ee I Aw - [ee vo tts. = | vy ; — ao: 
~ 100 ohms) amp . 1 Wi os 
2 | 
F= TRY | watt Ps 


Cn a : gah . Pa 


Despite the fact that the resistor has negligible effect on , : 


% ne 


-_ ‘dgtermining -the circuit gurrent and can be neglected in deter- 


’ . op, . : ‘ 4 


‘ 7 . : ; ‘ x ie $ z 
: ‘mining I, the resistance is not zero and determines the power 
‘ i -. . Ee - tien oe a ie ae 
ce : te 7 57 


| ‘Aiasipated in. the edrouit. similarly in the diode circuit, 


ew not sero and power is dissipated. 


* 


voltage and reverse: current, From the review of a. lode, we know that as 


ee 5 the forward, current increases, the ‘forvard “eae at first rises. pepraty 
‘a qv 
ms a 4 * and then more alewly according no t fl tT of? at 4), and sontiues to rige 
— faster: than the ideal formula would predict due to pulk resistance effects, 
Ss A sketch pf ‘the forward voltage might look like; Ses 
| et | 
Vp | 
: 7 | 
| <1 135 VOLTS | “> 4 
e. : 
I 
vhs ‘- 
eo 
o° - * $gao* ” 


‘ Figure 1 - 24 
Vy might not reach the maximum value of 1.35 volts due to variations : 


in Sone and since the maximum current is not pene drawn. ‘However, we 
include & small _— factor in the calculation and assume thes 1.35 volts 

will be the peak forvara voltage. Our knowledge of the diode characteristic 

telis us. tliat. the voltage-will be near the peakwaiue throughout most’of the 
a = ie: Since we are calculating i, T a6, we sige note that the valué of 


* 


) 


} 
Cr 
Ox, 


en forward. voltage: drop and reverse eurrent are 


Next we -conaider plawaitle Assumptions we might’ make ¥eaurding forward ~ 


‘Dy near 0° and 180° will be less’-important, than near 90° since T will be: 


“amalh at 0°, and 180°. Therefore a reasonable approx linat.on that would 


greatly simplify the problem and would still seem to. provide reasonable 


e F 
accuracy would be to assume Vy 


" constant = 1,39 volts for 0°¢8<180°, 


Brrora in. auch an assumption would. be more sensitive to a poor cholce of 
. i . . & 


V5 max than to the waveshapes near the beginning and end of the half cycle. 


Similar arguments involving the leakage resistance of the diode apply for 


the reverse current (Fig. 1 - 25), and we approximte the reverse current! 


I, = constant = -9 m A# 
{ 


a o 
180° 360 3 
~Vp ____ -240VE vouTs 
igo° Joo ~@ 
@ | ; 
-IT 


Figure L.- 25 
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We now perform the integration, breaking the integral into two parts. 


. al 
Poste ['VpT 40 = al forse + Se Yor de T 


~ 


p= ! | ("G3 )Goove) sin O dO 


= ae 


ar 
+f, (-0.005)(240Uz ) sin oe | 


&ie 


§ et : . 


Por +. oe ees elt ee aon’ (+ <es Ole |. 


xX 


Ld 


Note that we can neglect the power dissipated in the 180° <<360° half 


- oycle compared to the power dissipated: in’ the, 0° 8<180° half cycle, Thus 


most of ‘the poHer is dissipated when the diode is forward biased. 


Pp # Ek Mase = 61 wetds 
2 


Although the aPproximations we have made seem reasonab we have hot 


\ 


used the actual diode characteristic. We have a qualitative f Nuiins that the 


answer is sufficiently accurate (20), but ease is no way to tell for sure 


without further date. A laboratory experiment in wnkel the power dissipated, 


and the eri tical (in the Light: of the calculation) forward voltage une across 


acy as 
: 


the diode Waveforh are measured is in order. 
7 (e) 7 ‘ 

The: solving of the simple diode-resistor circuit have brought out some 

important points: regarding modeling. - 


(a) It is absolutely essential to have some idea of the desired accuracy. 


of a solution. The time and effort required to solve a prob Lem 


wy generally ncrease drastically as the required accuracy increases. 


(b) The primary motivation in making assumptions with respect to a 
given problem is to simplify the ‘path to the solution, saving 
time and effort. Assumptions are made on the. bases of E given data, 
(and associated inferences such as the absence of diode capacitance 


‘ 
data in the example), similarity of the problem to other success- 


cp ee pa, 


ERIC 


fully solved problems which include assumpt Lons (diode: capacitance 
‘calculations. are almost never ‘eluded in 60 Hz problems), and | 
observing the relative. magnitudes of vuelap len as they are calcu- 
. lated during the solution of the problem. - ® 
(c) It is not neegsaary to atigk | to the same set of assumptions through- 
out a problem. I[t is important to note the reason each assumption 
is made so that assumptions may be changed at appropriate steps in 
the solution, P 
(d) In any real situation, tne problem is nov solved until the walidity 
of each assumpticu bs Seats es or experimentally checked, 
(e) As the prebien ae modeled’ and solved, the critical quantbies Lo be. 
measured in the daboratory, become. apparent. Without some neta 
consideration beforehand, the Jaboratory Lest may be aimless or, 


lead to the vague conclusion “it doesn't worky instead of .illuminat- 


ing @ weak point in the analysis. . 


As a Cinal comment, sometimes it is necessary to make an assumption 
solely for the purpose ot simplifying the problem and without any real basis. 
aa ‘ 4 
Such assumplions may lead to a better understanding of the problem and assist. 


in Cinding a path Loward the solution. However, cach such assumption must be 


«Vveritied and checked and possibly refined or else the answer is not really a 


solution to the problem. An "it might be" answer is not sufficient In any: 


2 


practical problem. 


Ex. 


2 


" Pxereises | 


Plot the resistivity of da_silicon crystal ad a function of | 


doping density Ny for the range of Np = 0 to Ny = ior" atoms /om. 


It is given that We ¢ 1200 ai’ /volt sec, and HD = 250 om® /volt" sec. 


. Assuming a very abrupt junction (the transition =e to p 


_ type material occurs in ® length of the crystal that is negligible) 


ina silicon diode. Ny in the p-type material is 2.x iol? atoms /em> 
and N. in the n-type material is y C16 atsaaient . Plot the wane 


D 
of the depletion layer capacitance °/ as a function of , the 


electrostatic potential Berose the depletion nee eu Also find the 


‘ incremental capacitance a as a function: of v: 


ce “Problem 1. | . 


a Several high power diodes are to be_used in a center-tapped transformer ee 
‘reetifier circuit, — 7 . | | | a US 


tH 


Transformer outpud 710 ve 
‘ r E 


phase voltage. . - "} 
ms : a 


& 
4 T° , 


. 


nw 7 
(ie = center tap voltage) 


Diode characteristics 


PRV 600 volts 


x 


Max forward current ‘0 amps és 
rms ; 


2 


Max junction temp 190°C 


. Max reverse leakage current at max junction temperature 30 mA 


-” 


Additional data, . 

Of the available supply of diodes, the reve se current \T, - 190°C) 
varies from 25-30 m A. 

In the forward direction, the diodes behave as ideal p-n junetions in 


series with 0.1 ohm resistors. 
\ 


\ 
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Care Raia al 
a = ? =i 


(a). ‘gince the applied reverse voltage exeeeds the PRV for a diode, — 


‘< At ds necessary to use two diodes in: series, . ifn orger that — or 


matched diodes: do not have i. be selected e resistor is shunted _ 
A ' 7 
across: each diode. Retimate a maocimum R-such that. the oo Pa 


voltae across ‘any didde ds less than 550 volts. 


ce J .  (b) Estimate the power ‘@ismipated by each diode. 
= ; (c) art rt 50 amps ons what is the value of Ry (engineering securacy)", 
ee Pe } ; . = 
-_ . (a) What aia: be: the average wade of Te ra 
: wee 7 é . | : 
— (e) WH the ‘transformer winding resiatance and Tee inductance be 
negligible? 
Problem 2 | 
ra on Consider a 3g: bridge rectifier circuit. ee . 


The circuit is to detiver 100 amps direct current to a resistive load 


m of 1 ohm. “You are asked to find the minimum RMS current rating of the diodes 
(allow a 20% safety factor)and the minimum voltage rating of the diodes 
(allow a safety factor of 2.2 x peak voltage in case of transients). | 

-In addition, heat-sink data (power Aisaioation ta the diodes) is fre- 
quent ly given in terms of average current--so patdutave the average current 
through each diode. — | 


\ 


Finally, spetify the KVA rating’ of’. the transformer (a single 3¢ transformer). 


, 


nw 


tap Prob Lam 1 


2 


¥ 


“gemiconductor | Diodes" or "The Bigger, ‘the Better"? a eo 


You will be assigned two different diodes. One diode will be an 
e . . . &é 


instrument diode having a voltage rating of hess than 100 volts and a cur- 


. rent ‘rating of a few milliamperes. the other diode will be a "pewer" diode 


vw 
having a voltage rating of over 100 volts and a current rating of several 
amperes. You are to investigate the electrical differences between the two 
diodes. You will not have time to investigate all possible differences, so 


Va 


choose a combination of experiments you. consider important and interesane. 
lab Problem 2 — « ‘ 
4 a: 
Design the diode-resistor+capacitor network required for the ‘following 


high-voltage: laboratory supply. \ 


JOKV OUTPUT 


the supply 4s to be rated at 10,000 volts, 100 mA.- It is to be used with 
. a 


various load resistances. The rectifier will consist of a series string 
A : 


of diodes and their associated wipondiny (resistors and cepacitora). ‘The: 
3 


diodes must be protected from transients caused by opening the high voltage 
relay. ‘he relay can close during any .part of a cycle. You may select the 
diode type from those available in the laboratory (a list of diode numbers 


is available), however, .only 20 volts rms and a Limited number of" diodes 
: ; 


NS 


is available (you may not have enough diodes to construct the entire string). 


i 
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Mhapter 2 ‘Thyristors, or Silicon Uontrolled Rectifiers. 


- example. _ ; . @ 


. Se age 
t : oe 


; : 
$ . tee nN : e 


pter contents 
|The primary purpowe of this chapter is to acquinint the sealer with, the 
aintie “anil sAynami.c characteristics of the thyristor or SCR. The SCR is 
nioteled as & series of diodes to gain aenge into the. static V-I character~ 


istic. The triggering characteristics are explained in Galena: of a two ‘tran- 


e. 
fs 


gpistor model of the SCR, The transient turn on-turn off shemasterleuins are 
then. rationalized in’ rome of the combination of the two models. Common 
tmathode of triggering are ‘considered and an eine” of a brseuer eireult 


using a uni junction transistor is ppdaented: Finally, some D.C. turn-off 


fa ; : 
circuits are ore: ented and a particular turn-off circuit is analyzed us an 


° ‘ ‘ ‘ 


The Thyristor or SCR 


The thyristor or SCR"is a three terminal semiconductor device. The name 


' 


"thyristor" comes from the fact that the i eh is a seep Ster Ne device 


(having three leads and made of a seinicondtictor neene properties simi lar to 
that of a, aaah thyratron etectron tube (which can be betedepen to chenees from 
an essentially open circuit ‘device to an essentially short cireuit device: in = 
a matter of microseconds). SCR is the most commonly used name of the device, 


it ee 2 ; 
standing for silicon (or semiconductor ) controlled rectifier. The term SCR 


“is also a descriptive term since SCR's are made of thé semiconducting material 


silicon, and SCR's possesses rectifier-like properties which can be controlled ° 


toa certain extent using the third terminal. The electronic schematic symbol! 


for an SCR and the names of the ere shown in figure 2-1 along with the 


V-T eherectonet ys of the erisdesenuieie terminals. The V-] characteristic is 


divided into tae regions for future, reference as the device. operation is 


modeled. 
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aa 
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i oo oe TITIES =e er ae 
_ CATHODE f/f regions “A Rickie 
' a oa < REGION | » Sage 
; ‘ é 7 een it, toy ee Figure 2 - 1 Pa é 
Next we consider a simple circuit to show the basic usefulness of the : 
7 ‘scr (Fig. 2 - 2a). . a Ii | | 


oR 


EF Vsca’ 
Figure 2 - 2 


Figure 2 - 2b shows the load aiatackeriatic superimposed on the SCR. V-I char- a 
Utes a) . 

-acteristfc. When the circuit is first connected, the SOR° is in the "forward 

blocking" state, the current T has ‘sone ad (compared to E/») value, and the | 

cireuit state is represented by position 1 in figure @ - 2b. Ifa gate current 

Ta which is large enough. (aTthough possibly hundreds of Sines-snalier than the 


SCR rated forward current) and of sufficiently long ‘duration (usually in terms 
‘ecae 


' of microseconds) is applied to the BCR, the SCR will ee 


t 
68 
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ho “ortegonea” tate: the *porwantl eondietind state ‘mepresented by pogition 2 in_ 


' figure 2 - ab. ‘In an SCR, ‘the gate no Longer has any sont eor over the cireuit 


operation, and the SCR will remain th, the forward conducting state unt] the: 


‘battery is di econmactea: 


© re 
. 


We can aan ne the gros (somewhat oversimplitted) ene of 
the SCR. | BT ke = 


? A . . y - z , wo 
(a) The. SCR blocks current in the reverse direation (region 3, Mg. 2-1). 


2 
* i 


(b) The SCR acts as a suite that can be tylpned on by the gate <0 the 


re forward direction {Fig. 2-2). i. 
ie ae ° 
(c) Once the SCR is turned on (torwayf#e gonducting) it cannot be turned 
‘“~ , , 
; off unless some ‘external eirevit Peduces the forward current to 
Me . a 
zero. A Seg a - sey m8 
: raat ae a _ f 
An examination of the ratings of sebiie ray, rated le ghen’ s shows 
‘ee «fs 


s° 


blocking volta es in excess of a Hibusand: volts and average caerents on the 
& g 
ae 


order of‘hundreds of amps. eisai SCR's are capable, ot cont ro Ling large 


- 


amounts of power. The*additignal facts that scR'S are fast aching (compared to 


ry +8 ° ¢ 


mechanical switches), small and rugged (compared Le" giig tubes), and do not. require 


et 
a4 


power to keep them "turned on" (as trans sistors require) makes SCR's particularly 


. 


"attractive ‘in the area of power control. There are olher related semiconductor 


devices such as gate controlled switches that. can be turned off as well as on 


7 : - 


tions and many more semiconductor switching devices. 
? 


Spent, these devices 
Le 


do not have the power handling capabi Lity of SCR's, but are valuable’ devices’ at 


lower power levels. Since-these devices can be modeled with relatively simple 


” 


extensions of the SCR model, we wig not consider then in any detail in this 


\ 
baok. : 3 ‘ = . 


SCR Construction + 


The SCR is made with a single erystal of silicon having four layers of 


a 


differently doped crystal (Fig. 2-3). The reason for partially cutting “away 
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f 


"one layer to make the gate connection in the c&nter will become clear when we 


_@iscugs -turn-on: tReheiente. eo ee we se - * te rs 


ee ce 2 ee , 2, ee ee 
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el . 
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TYPICAL HIGH POWER 
SCR CONFIGURATIONS 


Figure 2 - 3. - 4 a a 


why . 


a _, Starting from the anode, thanansie lead is connected to @ fairly naaviiy doped 
_ (on the order of 10 0 acceptor atoms/cc) p-type material. Next is a compara- 
tively thick, . Lightly doped (on the drdex-of 20" 1 donor atoms/cc) layer of 
n-type material. The next layer, (to which the gate is connected) ‘is ste. 
material, doped with aw intermediate dcneity of. impurity atoms. inti. tne 
last layer, to which the cathode lead is connected, is a heavily doped. n-type 


material, The thickness of the crystal is exaggerated in figure 273 to show 


oe ? 


the n and p-type layers. The crystal is normatly & thin disk or rectangle which 


“' oe "4g goldered or tightly pressed (by a powerful spring) acaanet the SCR base i 


; Pa . %. . / . ; 
order to encourage the ‘conduction of heat generated.in the crystal to the out- 


side heat-sink (Fig. 2-). 
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Figure 2 - 4) 


pial: SCR as @ Series of Diodes 


4 
Tn order to gain some insight into the behavior of the SCR, consider a 


filament of the crystal as modeled In figure 2-5. Then, as previously in the 


case of the diode, alter understanding the operation of a unil aroa of the 


rystal, we need only multiply the appropriate quantities (such as current 


rapacity and capacitive effects) proportional to the area of the eryata., 


JUNCTIONS 


os 


Figure 2-5 2. 0, hy 
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AS 8 first approxinatiion, we may try to think’ of each p-n Jynction as 
saloae (rie 2-6). Such .a model would eationally dxplain ‘the SCR forward and 


revenge blocking characteristics (regions 1 and 3 respectively of Fig. 2 - L). 
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° 


ANODE | — — ae rae 


Figure 2 - 6 | . F 


ea 
4! 
* 
~~ 


When the anode potential is positive wlth respect to the cathode, junction 2 


é 


a 


potential is positive with respect,to the anode, junctions 1 and 3 block the 


‘ 


_ current (reverse blocking, region 3 of Fig. 2-1), 


In order to meer improve our eon of SCR operation, we shal] 


Dee the potential as a function of distance in the filament. Such a plot will 


Q 


’ require the charge density and resulting E rawene just as in the case of the 


‘ancde: Yo simplify the plots, the metal -semicenductor junctions at the device 
leads will be ignored. We first attempt to plot the potential distribution for 
the case of thermodynamic equilibriun. a 

Eigure 2 - Ya forms ne first basis for the qualitative plot. We have a 
"rough idea” of the relative doping PeREE IGS: and we know the n-type layer 
between junctions 1 and 2 is thicker than the other lLayers.- The ee densi ty 
is plotted on a logartthmic scale. Next (2 - 7b) the charge denoity P(x) ic 


estimated on a linear scale. Although the lengths of the depletion regions 


are unknown, the Q(x) times 4x areas [on cach side of a junction must. be equal 


a 
A 
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blotks the current (forward blocking, region lof Fig. 2 - 1). When the cathode 


- 


sae SUR hile SSS sia aS aa Oa ae 4 yy AEE 
Pee ee es “s 
Me — OO : ; = : - 
¥ oy . . | ‘ i . ry : * . : Fe a. 
e~ . eg. 63 a ; 7 és 
wv - , 
ee -a8 in the case of the diode. Note that considerable distortton of the charge 
density amplitudes and depletion Jayer widths is necessary to display these 
parameters on a single graph, since the charge densities may vary by more, than 
five orders of magnitude. Using the "square" charge density assumption , we 
Ne : 
_ apply Gauss! law to find the € -fiela, €, = fax on @& per unit area basis. .The 
& x values are triangles (Iig. 2 - Te) Just as in the diode case.  Tntegrating 
to find the potential, ~ JE ox = gy, we get a potential as a function of distance 
: ase , Pa 
‘ oe ‘ ve ; . : . ? 
plot conalsting of sections of parabolas and: having on inflection point at each 
, oe bar ‘ “ . 
juvetion (Wig. 2°- 7d). ' - % - 
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an In plotting the. potential P aS a function or Boreas we can make use of the 


. additional information from solid state physics that the contact poten@al - 


differende for oe n'and p-type matorials is very nearly ae te the 


jonization ene in electrons volts for the vovalen) bonds In me crystal 


(that is, about 1.1 volts for silicon). Thus the electrostatic soientiet 


= difference ffom anode to cathode: should . about Led volte. Confack potential 


"differences between layers that dre foe 80 Meaviiy doped abound be less, so 


in figure 2 - 7d the potential differences across junetlons > and * aro’ drawn 


4 


* sna LLer than the poreniaes differénce across sume) 3. While it is not Apos - 
go ee sible to Hectay a reasonably accurate charge senetly plot oe also: distorts 4 
” ah; 


' a 
the Cy andy plots) due to the large variations ing and the necessity of making . 


equa l charge -distance areas on each side of a Junction to tind the depletion, 


_ oy 
region dimensions, such "fudged up" plots as figure 2-7 may help us toward a 


better qualitative understanding of the depletion revion sizes, voltage drops 
’ : a : 


across Junctions,.and & -fleld magnitudes in the SOR. Such an understand ing 


ry 


will help us in unraveling some of the details of SCR operation, and of course, 


unless we are: aware or phot details we can't miko reasonable assumptions or 
’ a 


« 


models when using the device in a circuit. 


« 


Consider the Corward-blocking case (Pig. 2 é 8). The anode is made 


positive with respect to the cathode, and junctions | and 3 should be slightly 


= ’ 


forward biased while junction oshouid be reverse biased. We apply arguments 
similar to those used in model ing a diode. We assume, since only a sma! Cur = a8 
rent will flow, that the.IR drops in the crystal are a Also, gfinee ia 
only a small hcqipaited: Lo rated) current flows, the electrostatic potential 
differences across the forward biased junctions cannot be very different from 


Lhe potential differences in the case of thermodynamic -equi librium. . Therefore, 
i 


the applied anode-cathode: voltage must add to the potential difference across 


junctton number 2. We now sketch ' the charge density, &€ -field, and potential 


throughout the crystal knowing: 
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fre “) af . 67 
s a : . | . 
sees . (ae) § 5E, and in alt places except’ junction 2 appears approximately ‘ 
oa the same as in figure 2-7, Oe | 
A. (b) “he potential difference across Junction 2 is incrwased by the 
| : voltage applied to the device terminals, 
, : (c) We know how §,. é, and W must be related from our spon eace in a“ 
. ; ~ 3 
- sketching figure 2-7, that is, charge density will remain the 
: same, the Length of the depletion len ania increase, Cy ¢x) will 
‘ be a triangle, and %f pill be parabolic with an inflection point 
at junction 2. 
Summari2ing our understanding of the forward blocking mode; a mode con- 
sisting of two forward blased diodes and one reverse biased diode yleldg-a 
V-!} characteristic similar to that ot’ a forward blocking SCR. A reverse satur- 4 
abion current will «low In the model as tn the real device. At sulficient Ly 
DC 2 
: high forward voltage (lange anode to cathode veltage) the & -ficld abl junetion 
2 will become so large that avalanch occurs, accounting for the abrupt increase 
in, current at wee forward voltage (at maximum forward vol Lage , cape i 
- Pie, D-1), We also see, as a consequence of the sketch of, figure 2-8, thet tie” 
lightly doped n&type region between auieldous Land 2 is responsible tor the 
, : : 
SCR'a ability {-0 blork large Lorward voltages. The Light doping yields a wide 
depletion layer’ and a smaller peak £-field for the same voltage difference Lhan 
would occur sane doping. Thus avakanch is discouraged by Light doping. 
Of course, the ideal diode: behaviour is modified by surface Icakage effects 7 
: araund the junction as is Wile eas of a power diode. 
The reverse blocking mode.(anode negative with respect to the corned i 
. ; ¥ 
on Ly s Lightly! complicated by the sae that both Junctions |! and 3 are reverse 
biased, and we might ask. how ee voltage divides WCross Lhese two iii 
tions. sonswien Zis slightly forward -btased and has a potential drop slightly 
: : | are ae 
a , , a | 
a | = . . i ae : | ‘ a is a 
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tesa than in the thermodynamic equilibrium case, im sketching figure 2-9, - 


we @xpect that as the anode:'is gradually made more negative with respect. to 


the cathode, the ‘widitional" voltaga is first taken up by function 3 becausey. 


the reverse biased diode having the smaller reverse saturation 7 
current wl: be the diode limiting the current and will have , \ 
the largest voltage drop. — Junction 3 will have the smaller reverse 


saturation current because; | ye. 2 : : 
its-per layers are more heavily doped (compare Ny between | 
junctions 2 ie Ny between Junctiqns 1 and 2, Fig. 2-7). 
Recall that the reverse saturation current depends on the con- 

eee eee oe holes in the n-layer and electrons. in the p-layer, 
and the. more heavi Ly doped sli materials deo, dike smaller will 


be the relevant concentrations. 

= . xs t 

As the reverse voltage increases, the maximum value of the E-ficld at Junction 
° - . 

3 increases to'the point where avalanch occurs. The junction does not melt 


because Junction | now limits the current. VYurther voltage increases cause 


the potential drop across junction | to inerease as its depletion layer widens 


while the potential drop across junction 3 Yemains approximately constant at. 


its avalanch breakdown voltage. This is the situation sketched in figure 2-d, 
Again we sce that it) is the lightly auned: hrc, eotagen that is seenonath is: 
for the high voltage rating (compared to transistors) of Lhe SCR, and the eds) 
yields the. reverge characteristic of a diode which agrees with observed SCR 
Hamsters kG és the reverse blocking mode. 

Finally we consider the forward [na ee mide (region 2, Vig. Pm), 


The only way this mode can y explained in terms of the serles of diodes model. , 


is that all three junctions must be forward binsed ! Such a phenomenon could 


e 


. . eS ‘ : 
not occur in the series connection of three independent diodes. However, we 
. ‘ a . \ . 
shall briefly consider what might be observed ‘if the junctions were forward 
Lab) af : , 
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, biased, keeping in mind that we » don't know how to Bet into or maintain auch a 


a ree, . 
- ‘. potential vs. distance eee ee be similar to that OF. the 


N oo veh ar 
: 


thetnynamtc equilibrium case excépt for elightly smaller junction potential = «5 


differences and IR drops due to the large (tn comparison to blocking currents) 


forward currents (Fig. 2-10). We would expect the largest IR drop in the 
crystal to be across the lightly doped, thick,n-type layer between junctions 
1 and 2. Not only is this layer the thickest but is has the highest resistivity 


due to its light doping. 


Figure 2 - 10 : 


As the applied voltage ittereases, the forward drop across the junctions 


1 and 3 should decrease, and the current should increase as in the case of a 


forward biased diode. As junction }. allows more carriers to diffuse into tha, 


n-type layer bovaeen junctions lL and 2, the carrier density in. the n-type layer 
increases. This increase in carrier density should decrease the resistivitY of 
the material, particularly in the lightly doped n-type region. Therefore, the 
IR drop should not increase proportional. to the current: This model agrees 
with the observed behavior of the forward voltage Qrop as a function of current 


far an SCR (Fig. 2-11). Of course there is also.a forward 
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Figure 2 - 11 
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.. drop due to the potential differences across the junctions. ‘lhe forwand volt - 
‘age drop shold be less than for two diodes in series because the potential 
4 drop across jinctlon 2-subtracts from the drops across 1 and 3. 
' : 7 
* Summarizing, the three’ diode model of an SCR is not satisfactory in 
explaining the forward eonaueting mode because junction 2 must be "forward 
biased" while a very large reverse current passeg through the junction, If 
only the problem of junction 2 could be "golten over"; the shape of the v-I 
characteristic for forward eidietion could be explained in terms of junctions 
1 and 3 ina the Gendustavies modulation of the iinee layer between junctions 
1 and e. We have no means of getting into or eee in ‘the forward conduc = 
tingamode ceeding to our podel, Therefore, we must search for a more sophis- 
5) 


* ticated model in which the junctions are not so independent. % 
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.. sistor model which must also be reverse biased. We then "break" the SCR into 
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The Two ‘Transistor Model of an SCR° | a os 


As a-next step in urderstanding SCR operation,we consider modeling the - 


7h, 


SCR as some interconnection af three layer devices since three is inter- 


- ie 
mediate between two (diodes) and four (the SCR). The. simplest, three-layed 


| ! 
device with which we have a reasonable degree of familiarity is the ordinary 


bipeier transistor. fhe transistor normally wa one junction reverse biased 
(collector) so we sthl) cannot model the forward conducting made. However, 
we pursue the model of Grenevotore for the forward blocking state since we may . + © 
gain aGae insight in getting from the forward blocking to the forward conduct - 
ing mode, snd we can do something with the gate terminal (which was ignored ay 

the diode model). Since junction @ 1s the only reverse biased Junction ‘ies he 

forward blocking SCR, Junction © must correspond to the collectors of the tran- 


N pnp and an npn transistor as shown in figure 2 - 12. 

Before nanny analyzing the two transistor model, we consider the 
physical properties the circuit should have. This "physical reasoning" ‘stép _ 
atlows some measure of checking the veltdliy of the mathematical results, In 
the forward blocking mode, the anode Is at a large positive potential nee 
hundreds-a thousand volts) with respect to the cathode. Our transistor model 
will not be good for many hundreds of volts or larger because the high magni tude 
of the forward b Lock ing voltage depends on the thick n-layer in the SCR's, and | : 
transistors do, not possess such a layer. In the forward blocking mode, i 
(Wig. 2 - 12) is zero, and i and bie are very small compared to the device 


current rating. Lt must be true that transistors 1 and 2 are both in the 


"cut-off" region of transistor operation because: 


BASE COLLECTOR] CATE = 


7 
Rid 
tS Ia we ANODE CVRRENT = 
Ty 2s GATE CURRBNT 
k ® CATHODE CURRENT 
2 « F 
* ; P 
-_ Figure e - 12 0 «a- a 
. ff . ° e Pa 
oe _ F ; - : s a 


yd 


ious” bari viomre a Pag i APG Was eae. Ake She 
SR RARE aT ee RAE Ce EER 
Ri ene ere, BREE OR oe I Ba ‘ im 
+ . See 


(a) If both transiators: were conducting, Ty ‘and would not be 


ama he “therefore at least one of the transistors must he - 
9 ss 
ra A an » a 


noueeon res : 


(bo) If trarisistor 2.48 assumed cut-off, Tho must - small. T 30 
ks 


1 Limited oiiy by transistor 1, therefore transistor lis 


a 


4 i & 


- , &L80 cut-off ote a 
‘ “c) If trandi stor Lis assumed cut-off, Top must be small. pes 7 
a | is limitea oihty by transistor 2, therefore transistor Sis 
also cut-off. | | 7 
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If a cunrent pulse T-4s introduced into the gate lead, transistor .2 


begins to conduct and Too increases. his in turn causes pera e vor L 


to conduct which further increases i whieh increases Tuo» te; The two 


‘ Wy 


a 
*, transistors are connected in a positive feedback loop, and eventually (in 


microsecorids) arrive at a fully-on (saturated) state so that I, is no longer 


A 
blocked. It is this "turn on" or "triggering" mechanism that we wish to 


furtherexplore ; go 
The basic transistor current relations are: 
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eens ie wee basic relations to the final circuit of figure 2 - 12 ylelds 


* 3 , . 
the following equations. ~ 4 Ge 


4 . 3 Transistor 2 : ae 
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@ lea=Oay Ion = OT 
Tranehgton 1 ‘ 
I, +1, af ee a es =Q - (Di, 


~~ (4) | I, -%o2 = - OD 4 - Teo, CT, 


We choose. to solve for the anode current TI, in terms of the gate current 


A 
Ve VWirst we Wystematica lly. eliminate Io" 


s 


Substitute’ / ne vs 


@ = n+ Ty-1y=0 
Substitute J into 4. 
Gd _ I; +Ie2 ~ I, = ~4,1,~ Leo 


Next we eliminate IT, by’ substituting equation into equation 14: 


I, - asl. * Leos ~L =-@%I,- Teor 
The terms oe Ix a collected for convenience in elkminating. a4 
Rearranging I2, yi. | x — ; a 

I, + (ly “WI + 0% Ia" ~Leo:~Leo2 
“Substitute as into Jy Zy4. 


I, 4 (4a= La $Ty) +, he on on 


1,2, 3,4 may be ae for 73 in. terms of oe 
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— This is a very strange result! It. states that eh She aicie is 
positive with respect to the cathode and the SCR is in the forward blocking 
mode, the current flows out of the anode lead. Thus the SCR delivers energy, 
to the external circuit as if it were a battery, Of course, the result of - 
the. Agioulation seems absurd only if it is assumed that a, and a, have values 
near one. _ Experience with transistors shows that near the ,cut-off region, 
a decreases. To make sense of our result, we must consider the variation of 


-@ with collector current ina transistor. 


Digressfon as 
Let us briefly éenetder the basic operation of a transistor 
according to the electron-hole model. The two junetiona are spaced 
closely together (Fig. 2-13) so that the mobile charge carriers that: 
diffuse across the "emitter" oie can further diffuse across the 
central "base" region and be collected by the high ‘electric field 


at the "collector" junction. 


DEPLETION LAYERS 
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EMITT&AR COLLECTOR 


EMITTER JUNCTION 
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Figure 2 - 13 


COLLECTOR JUNCTION 
BASE 


As the mobile carriers traverse the base region, some carriers will recom-. 
bine. At low levels of minority mobile carrier concentration, the probability 
of recombination is proportional to the carrier Bene @ expresses the 
fraction of mobile carriers diffusing from the emitter that survive in the 

w base region and are collected at the collector junction. @ can be decvensed 


by malei ng the base region longer and Dy reacting the 
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"Lifetime" of . carrier by.adding certain impurities which disturb 
the. orystial lattice ice Compt tented way 80 a8 to inocregee the prdd- 
‘e “avidity of recombination. The @ for transistor 1 (with the long 

| n-type layer) usually ranges os less than 0.1 to about 0.4 depend- 


ing on the particular SCR belie modeled and temperature. 


To explain or nodel the variation ofa with collector current, 
the action of lattice disturbances ("taps or "recombination centers") . 


is examined. ach lattice flaw which might be due to a physical a ar 
. : 4, 


fection-or certain impurities in One Tet Pice coentes an inhomogenui ty 
in the electric field at that point. For example, in the p-type material 
of an npn transistor the isthomogenui ty may attract and hold or delay <- 
at that site ("trap") an electrdn. " Now the electron’ 8 chargé and the 
= . original inhomogenuity attract a hole. The electron and hole recombine, 
leaving the trap ready to collect another electron. The trapping- 
recombination effect takes place in addition to the pecoesHetion due 
to the random coming hogether of holes and electrons and! thus increases 
“the rate of recombination. ' As the density of electrons in’ the p-type 
material increases, implying an increase in the nee density ina 
transistor, the traps become saturated. That is, most of the traps 
have electrons waiting l. be recombined. Thus at larger current densi- 
ties' (not due’ to, ‘increased drift but due to iaevessed comics concen - 
- tation) trapping becom s less significant as a recombination mechanism. 
This means that the rate of recombination does not increase in proportion 
to the current density and that a higher fraction of the carriers will 
reach the Sellector, resulting in an increase in a =a Trapping is 
probably important in both the emitter depletion layer and the "base" 


regions of our model. Pigure 2-14 illustrates a Veiatr en of the a's’ -. 
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with current and temperature. At higher temperatures, there ere 
more carriers because more covalent bands are ionized and therefore 
3 mF “i 


a higher percentage of the traps are saturated. 
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Thus we see that the a's of the transistors in the model are less: than 


and also a (by positive. 


9° 


oné. If Ir, is applied and gradually increased, *, 


feedback action) increase due to the increasing current density in’ the .tran-~ 


; sistors. fvenutally as I, is increased, Oy + Oe approaches one and Ty 


approaches + ™, Thé physical significance of Ty approaching @ is that the 


SCR ig no longer blocking so that current can flow freely, and. that the gate 


a 


current I, can be removed since it is no longer important in determining Ty: 


Once the current density in the SCR is sufficiently high, the device triggers 


and stays conducting until the current density is lowered by external circuitry 


untila, + 4, <1, The value of the anode current that will maintain a, + a, >1 


with zero gate current is defined as the "latching current". The “holding 


rg 


current" is defined as the value of the anode current in 
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a particular circuit 
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_ into the gate terminal. 


| SCR to trigger the device, 


ditions ( ' + “ao 


spontaneously retu 


into consideration ao least: Ge ies oF recombination. 
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at a given temperature at which. the conducting transistor will switeh back 


Note that in the "holding current" definition some 


' 


vo the blocking state. 


* gate current may be flowing (but not enough to keep the O8 high). ) ) 
be a 


It is possible to trigger the SCR by means other than a current pulse 


4 
All that is necgssary ig to eeveace: the current 


density at junctions 1 and/or- 3 so that the &s increase aaa This 


can be done by heating the SCR, shining a bright light on a junction and | 
creating errr hole pairs by photoionization, applying. @ voltage plies to 
the anode-cathode terminal and using the capacitive effect currents of the 


or irradiating the SCR with X-rays, gama rays, 


neutrons, etc. ‘ 
We -have now gained some insight. into the turn-on mechanism using the two 


transistor model, -Obviously such a model is-no longer valid in-the ‘forward 
— gt 
conducting mode because aes 2 is no longer biased ' Like a transistor col- 


We dhoose 2) halt-reaited "fudge" by.” saying that we also have 


“¢ 


lector junction. 


ay 


peporived a acsiaaten to maintain vine: SCR in the forward condyctiing state since 


the cuERent Sense ty is high and tf junetion 2 began to block, the trigger con- | 


‘1) would be Pulfilled.: ' Hence once uriggered (and ue anode 


Suneent is not limited to a value. Les than a holding current) the SOR cannot 


4 


ta the forward blocking ae We choose to stop.the . \ 


modeling process at this point because, we have succeeded to a. remarkable degree 


. aor “y 


me . . . , . 7 , 
in. explaining. the Srowe V-I characteristic/of, the SCR and Pesavee a UNtuer 


‘to model the forward, genauctine mode of the. SCR, “ie 


“x 


souls have is. we hs consider and balance atftuston and drift effects not | 


modeling is CU chRENin 


eaiy at the thred 
A 


3h We ‘also MnO that conductivity, nodulation would bee, the drift parts of 


rucner to. model the triggering process, we would ae = take 
‘ ae | 
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while more deta iéd 
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models would tortainly be inatMctive and even ae necessary if we 


were designing SCR's, the modeling process can iad on forever. If in aie 


application of an SCR we find our proaont adele Insufflctent, we will inex 


/ 
exPend our models or else have to go deeper a electron-hole modeling. a 


ye 


We next oon tae the guatic V-I chatactentatt of the gate-cathode ter- 


- 


mete ‘In. the case that no sennestien is fone "at the ee on the basis 


Y ‘ ou 
of our three diode ms of the SCR, we would expect: “a ate cathode V-T 


- 


characteristic similar to the dashed curve in figure 2-15a. 


5-80 VOLTS 


Ravacanen 


; Pigure 2 = ip ~*~ i 
cy ie GA : 
; | 


The actual V-1 characteristic is ‘shown by the 2249 curve in figube 2 - 15a. 
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The differences between Lhe oe and the “suhid CULV.E “tf rather easily. 


i¥ 
aed more current 


ekoisined in da 6 of our model Surface Leakage 


‘to flow in'-the ote dinectide than would be expected “sh the’ case of an 


Ww 
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\ . 
ideal. diode. In.fact, _ such leakage paths are specially povided in many SOR's 


("shorted aiiiter " sort ay Yor, reasons related Lo the tra sient characteristics 


; - | 
(to"be discussed later)’ of the SCR. In tlie pOTMaE? ‘direction, the-bulk resist- 
: - | 


“ance of ‘the p-type gate Jayey which is much, Less heavily ‘a ‘than’ the n-type ” 


_ ’ oe van a = ; . | ery aaa . 
-_ “cathod gy axer yas Ube considered. |Vherefore at "high" forward voltages or 
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es the gate- cathode terminals appear more like a Tyesetot, then a diode. 
= v Fd . 


In the case that the diode ig forward blocking, again our model predicts 
that as the gate voltage’ is Blowly varied, the V- I charactersstic should be 


about tue game as jin une case of no, cortnect:ion to the pore “until the ‘gate 
% 2 
current beging to be rte) large that triggering is imminent (Pig. 2- i 
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Once thé SCR bas" been trighered, the gate sharacteristic Seaaad radically, 
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Figure 2 ++ 16 
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acting like . due to the current passing through the junction from 


tHe anode circu In fact, the gate V-I characteristic will depend to some 


"et ‘ eles J ; we. 
‘extent on the anode ci retitt (Figure 2 - !7). - tag 
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‘The gate v-I characteristic under conditions of reverse blocking is left, as 


a problem (Lab problem 2 - 2) for the student. — 


SCR Transient Characteristics 


If an SCR, resistor, and battery are connected in series as ahown in 
figure 2 - 18a, and the Scr is triggered by a step of current into the gate; 
some time will elapse hefore the circuit current and the voltage across the 
SCR reach steady state. While the time required to reach steady state depends 
upon the earlier SCR in the circuit, iiaes on the order of 10 ¥ sec + 50M sec 
are common. ‘The total time to reach steady state is frequently subdivided into 


. 


three shorter times (Fig. 2 - 18d), important from design considerations and 


related to distinct physical processes. ; 
~The "delay time", ~ » can be related analytically ee apeserineneeiniic 
the time required: for. the mobile carriers. to,cross the SCR regions: correspond- 


ing to the bases in the two transistor model. Thus J, can be considered the . 


time ‘required for the current densities at the transistor emitter junctions to 


change and begin increasing the transistor alphas. The "risetime,"J*)» is ‘ 
the time required for the positive feedback process’ of the circuit in the two 


transistor models to increase the current densities such that a, + a, = l. 


The change in current or voltage (0.1 to 0.9 of maximum) used to define rise- 
time is in accordance with generally accepted conventions regarding pulse 
waveforms. ~ The rise-time decreases as the gate triggering current increases 


because large gate ‘currents help to build up the current density at the junc- 
s ? 7 ‘ V5 
tions faster. ‘The sum of the delay and risetimes is freq¥ent ly denoted as the 


"turn-on time." Clearly ‘the turn-on time will vary with gate current "drive" 


and from SCR to SCR. ‘Turn-on times are typically on the order of several micfo- 


‘ 


seconds. 
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Figure 2 - 18 


(98 


<) 


'. ERIC 


7 


rent wére gradually increased.’ The gate current can then be ‘reducef. toa ~' 
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The remaining. time until steady state is reached is called the "spreading 


time", J’: Our models for triggering and forward.conduction were made on the 


basis of examining a filament of the crystal. “Wot all filaments are triggered 
simultaneously simply because some filaments are nearer the gate than others. 
Figure 2 - 19 illustrates the "spreading" of the forward conducting state in 


the Saratel:, ; : , 
: GATE. 
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Whi Le at. the end of the risetime only a sma 11. area of the crystal is conduct - 


ing, all of the cry%tal area is cofiducting at the end of the arene time. 


‘Note dat the anode Avent is 90% - its maximum pale at the end -of 


the risetime, yet only a small area of the erystalsis SOnaUr ernie: Under such 
conditions, the current. ee in the NCU Re area may be very large, heat- 


‘ a 


- ing the area to eis enough temperatures Lo" damage the Junctions In order to 


| prevent een damage, a “lea {rum al a/ at ts usyally specified por an oR, allow- 


ing the sindacoinn area to spread fast enough ‘to accommodate the iacveasing 


current. The eee On for placine he gate in _ the cénter of some SCR crystals 


! : . 


(Fig. ps 19b) is that ‘the conducting area has only ttorspread about half as 


Nie 


far as in edge triggered SCR" 8 (Fig. 2 = 198). The | al / att limitation can be 


reduced QS well as the’ thrn on ‘time; by "ariving the gate hard. " Tf a large 
current is ae in the gate. Tead during the first few microseconds of 


triggering, the ‘initial titegered area will be larger ‘than if the gate cur- 
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lower value until the anode auneent rises to & value that will maintain the 
SOR in the conducting state ("latching current"). Figure 2 - 20 shows an 
"ideal" gate current waveform that allows the largest possible at, /at, has 
& minimum turn-on time, and has a duration long enough to insure’ the,SCR will 


~ ‘ : 
stay on for the given anode current waveform. 


i : 
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" 1DEAL" 
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CAPPROXIMATION TO IDEAL’ 


Figure A - 20 - 
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Such an "ideal" waveform is difficult to achteve, and various approximations ~ 


to such & waveform are ieee ae by practical trigger circuits. In general, it 


is very desirable to apply a gate current waveform whose’ risetime is smaller 
than the SCR turn-on time. ., : , 


' We now consider a "turn-off" transient. If the voltage waveform shown in. 
figure 2 - 21 is applied to the SCR, the forward ene mode will he ‘pestered, 


—a 
Since a gtoat. -variety of voltage (and current) Waveroris “can restore the for- 


‘ 
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ab, 
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ward blocking mode, we will examine the essential features of this particular — 


_waveform.and hope that we can apply our ee to other, situations. ; 
Vs a oe 
max Van /dt THAT CAN 


BB APPLIED WITHOUT 
RETRICGAOERING ' 


FORWARD COND. 


Figure 2 = 21 


Figure 2 - 21 shows a large reversé voltage applied to-the SCR in order 
to turn off the \SCR, When the reverse voltage is first applied, a reverse ° 
current flows, primarily due to the motion of the mobile charge carriers in 
the base regions of the two-transistor model. Some component of tne current 
is also due to the changing widths of the junction depletion regions. lf a 
forward voltage was applied while the current was still flowing, the cureepi 
= " densities and therefore @'s would still be large enough that the SCR would 

| re-trigger, and thug the forward blocking mode could a be reached. Also, 


due to the capacitances of the depletion layers, the rate of increase of 


n 


eric = 


eter Gib at. 5 m 


- voltage Hust be ‘Limited or ise the currents flowing into the junetion — 
: capaci tarices will raise the. a *s, aiid the SCR will re-trigger. 
-fequired for the ‘atored mobile chareés to. Tecanbine. plus me time for the SCR 


tt 
a8 the: turn-off time" ; Y,, fe" 


turn-off times aro. frequently. eregented in the SCR date. sheets. 


“on time, hia turn-off time usually determines the maaci mum repetition rate for: 


‘The tame“ : Ra 


to recover te forward piodiding capability (aue: to ‘the av ax/ tt aa) is known . 
The turn-off tiie cm to. 8 large extert on 
the circuit: in which the SOR is ‘used as “eH as: ‘the SCR, een "typical" 
“turn-off time 
becomes @ very important Seneeue in high prapianey’ SCR. cireuits. Because ‘the 


» go 3 : 


turn-off time is usually: more, than, an Sale: of magnitude longer than the turn 


: « 
5 “4 


triggering an SOR, 


‘SCR Trigger’ Circuits | | ae te ; 


' We Bay ov ‘eady mentioned an "idea." tr ‘iggering current, waveform. “Before ie, 7 ; 


_ 


a circuit ised to trigger an SCR can be designed in: ‘detail fy the SCR pation spec ¥ 


ifications must ‘be considered. While the turn-on and sprend te times are | : 


usual fy ‘specified in a relatively straight-forward “ays one meanliuaes of the 


voltages and currents that may ‘be applied to the gate ioeh nctiee? in a wore 


complicated way. Thet pertinent. gate specifications are: 


-(a) Specifications to protect the device from damage such as peak for- 
ward voltage V exe Peak forward current Tas, peak instantaneous power a 


Vox Ls? and mazcimum average gate power Vex ae sie? 


(b) Specifications giving the minimun > gate currents and voltages required 


a 


to trigger the SCR. These specifications are temperature dependent. 
ré ; : : a, 
The gate specifications are further complicated: by the fact that phere is a 4 


Seer variation a the aes ‘V- 7 characteristics and the minimum gate 


voltages and currents required to trigger the SCR (>) for individual SCR's of 


the’ same type (number designation) 


4 


of a "typical" gate triggering chart wf further clarify the basic ideas. 
: : . a . i oe, Pars j a 


‘The gate specifications may be given as individual numerical ratings, | + 


may be atmmarized in chart, or may ‘We given os peed lon of the a . 
The particular format used to deacribe ‘gna specify.the gate characteristics ©. - . 
ial ue : es des. Le ay ae ee oR . = So, eh oS alee (eae ide tated aes oe soe ' = Ms ae. hee ets Sear . = aru 


varies ‘coneiderably from manufacturer th manifacturer, byt the developing 9 9. | 8 


. First we consider. the fact that for & given type of SCR, there is a 


v 
Ve 
sy 


variation -in the 


oN 


Ver charécteristics, pf individual units, An individual ScR's ° 


v-t. cHaracteristic must be between the extreme limits of the V-I characteristics, -! 


ra ° } 


, consideréd.acceptable by the manufac urer (Fig. 2 - 22), . 


) EXTREME V-! 
CURVES 
CURVES FOR 
— INRIVIOUAL SCRIS 


ce t 
F a: . 
¥ Vex 
- : a ; : K" “ ‘ oof . 7 q | ie 
We further define the region of SCR triggering by denotifg the maximum, : ‘ 
. ae a ee ‘ ra ire ~ : , a 
‘permissible values .6f forward voltage and current .and the maximum instantanéous 
iY, Ae “3 3 8 
power. As a*helpful note, we also show (dotted line, Fig. 2 - 23). the maximum 
‘average power, ,‘ 
7 . = . oi 7 2 . : ae : . . iy 
—— . : & . ; zo : : . | ‘ : . _ : ow 
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Figure 2 = 23 2 #* - : 
Finally, we’congider the fact that some currents Io and gate voltages 


- 


Vox are too small to trigger the SCR. ‘There is considerable variation of 
the minimum triggering quanitities among the individuals of a given type of 
SCR (a specific JAN serial number or manufacturer's code catalog number). 


Because we want the infGrijation for design purposes, we must choose ‘the misc - 


mum value for the series of SCR's of the minimum current required to trigger. 
v . . . o : 


‘or minimum voltage required to trigger the SCR. . Thus all of the SCR's of a 


‘ given .type can be triggered with a voltage or current greater than, the 
fow r # 


2 - ‘ 


specified amount. © These values: are frequently given at several temperatures 


, 


‘because the SCR's are "easier" tio trigger at higher temperatures. ‘The clear 


' be damaged. . . : 4 a » 3 < 


area. of figure 2 - 2h is the triggering region for a givén type SCR. ‘The 
i ‘8 8. &e & reg G1 Ype sl 
actual V-I characteristic lies somewhere in this region, the, voltages and 
currents are large enough to trigger any SCR of the given type, and the volt - 
. f . . 


age, current, and power levels are sheticient ly low that the device will not, 
as 
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_ There is an’ infinite variety of - Singeero circuits for SCRs, and there 
o single "pest one" for all applications. : The design of the triggering 


i 


cuit must include not only the logic f/r the desired. control of ithe SGR 


_ “Vis 
Bet also the characteristics of ‘the anode cireutt. For example, the simple a < 
, é 7 ecu of figure. 2-25 is intended. 46 close the relay & specified time after | 
P - _ switch "Ss" ig-closed.” The trigger circuit wilt usually be chosén ag an 
| integral part of the timing circuit thus minimizing the RUE er of components; 
.  § 8 and the triggering» pulse must aaa long enough for the current in the induc - 


‘ 


tive anode circuit to exceed the latching current. 
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Tim NG 
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TRIeewRING 
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_— e- ~-We-shadl eonsider-a variety of triggering ctrouita, tot: ‘en ‘an-attompt to” 5 ere: 


“compile & a "alotionary” of circuits, but as a spur to: sthe » tnagitia ion, ee 


Mea: Me eeeg See eae Goad” Binge ‘ mae: See ee ree 
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Figure 2 ~ 26 
Figure 2 ~ 26 : and % dTiusteates two: circuits that control the current 

through a load resigtor R, by sensing the magnitude of. the input voltage. In 

both éabes, the load current flows in the positive half-cyele of the ‘source | oS 

V only Boer the abuse voltage has exceeded some preset magnitude. Obviously, 

‘these Paaeee circuits operate over the a angle of o°< 8<90° of the 

source eimuaoudat voltage. If the SCR has. not triggered pyrene time: the volt - 

Bee sepiied to the gate. ‘has reached its maximum ee the SCR cannot be 


a 


triggered without decreasing the value of R. 
* V 


The tested wate ‘ab which triggering occurs iasuauine a sine wave input) | 
“4g” sealed the "Firing sige", The firing circuit of figure 2.- 26a is an 

- Inexpensive circuit having a far from ideal. triggering waveform. ‘The trigger 
voltage eee ay, unduly limiting the mezcimum perttissibig value of 
ar, /at. ‘Also, the voltage at which triggering occurs will depend oft the | 
individual scr dhd its temperature. The diode D is required to prevent 


“excessive gate currents when the SCR is reverse blocking (remember the gate 


2 gest 5 aor 


7 XY 


oe Junction. wild be ina avalanch state nny the reverse Soltade, exceeds 10*20 
volts). Figure 2 : 26b shows | & more elaborate voltage sensing circuit using. a 
a high gain differential ‘piplihies: (frequently an "operational amplifier"). | 


As Long as the battery voltage “yy eraceda the supply voltage V by" more than 


y) 


a few millivolts, the high gain ( ¥ ‘10° or more) amqlifier will be saturated 


at its aa se negative; output “voltage,” ‘When V. exceeds E by a few millivolta, 
the amplifier switches to its a positive output voltage: “thus a "step" 7 oy, 
of yee eseer rT supplied to the power amplifier that "drives" ae SCR gate. 
This aivsalt has advantages over the as circuit of a dave drive capi 
tude that is independent of source goltnce, steep tviecerine wavefront, and 4 
idee Gependence of the paren angle on temperature, ‘However, the amplifier 
eed is clearly more expensive. | ° 

Sémetimes it is preferable +6 vary the phase of the controlling waveform 
maneY than vary the’ level at which the trigger circuit is activated. One. 
pavticuladiy convenient phase shifting circuit, having the virtue of an output 
voltage magni tude that is independent of the phase shift, is tae “"thyratron 
phase shifter. The circuit (Fig. aa Was originally Patents: to work with 
‘ gas thyratron tubes, but the circuit works eee as well with gcR' 8. 


: + 
CENTER-TAPPED TRANSFORMER i. B 


Figure 2 - 27 


| ea. he, ae ee ee, Oe . | ed Ls 4% aa ee 
oe ABL LS ee al ote Pet Peg ot ae pte 
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= Thig circuit ty monty easly ‘analyzed by eens tEve ting: its: phasor diagram. It ea 
— in ‘assumed thet the transformer is Lightly’ loaded 80 that ae leakage reactance . 

- y > * ad 
ae aa “end: resistance bas no- significant effect. Then Ve ; Vu andi eli have the - eee 


“game phase angle, Rnowing that ‘the erent through ’ & pure tapacitance leads 


the capacitor voltage by. 90 fs and further assuming that the output ourrent me 
- (drawn by an ene circuit connected to terminals A and B) is negligible 
“compared to the current in resistor R, the aaa right triangle with hypo- 


* cwjannesimnnomsembinsl Ds 
tenuse Vie +. V, ic constructed. 


.. oe = 'S am : wok : : = : a 
V, + Vp + TR + Vy = 0 by Kirchort , _ . 


a) 


The locus of all points B for different R's Must be @ Geese having races: 
a — oh 


My (‘- \Vol by elementary geometry. .Thus the phase of Ve = Vin ns he apie 


ee ce to the phase 7, from 0° te 180° F wad Vo , wilt have the same. 
api aude (the radius of the deintiotpee) regardless of the phase” gate ts It 


is possible to have phase shifts in ‘the range 180° «@ <360° by interchanging 


the fpositions of the capacitor and ‘resistor. i a 


. _ The gradually rising sine wave aut of a phase shifter makes a poor SCR 
_ gate pulse. ‘While a large meriety of ways to * 'shaxpen the ; weve ene? of the - - 
gate pulse exist, such gs the rout of Piause 2 - 26b or ecnenee using umono- 
+ stable multivibrators, there is. a class of semiconductor devices specifically 
| desienea for this purpose ‘that - si be’ epplicaniey These devices (called 2 
"breakover diodes" » "Shockley dicdest ‘ DIAC" s, etc.) have" the property that for 
Low voltage levels (0-25V), they block the ‘current. Tf higher voltages are 


impressed across the diode, they "break down" in a few mitroseconds The volt - 


age across the diode be ae decreases, and _— currents (on the order of . 


\ 


amps ) may flow. Figure 2 - 28 shows e circuit uedng a "DIAC" oe to modify 


the wave front of a sine wave. 


‘4 : ; . \ 
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‘base-to-base voltage. The constant of proportionality 2 is called :the 


ne a iD E 
“Another device: that deserves special mantion in- regard to SCR triggering” ee 


N). 


This device: ean be used in eavnaite to provide time: delays, ‘integrators, ose 


circuita is the, "uni junetion transistor" (also called a "aouble-base. diod 


ators, and level detectors. Tn addition, the ‘output ‘waveforms of relatively. 
simple tnijunction circuits:axne reasonable ere eon to the "ideal" trig- 2) 
gering waveform for the SCR. fhe uni junction transistor (ust), is a pines 


terminal device whoge eeheres ized V- T characteristics are shown in eure 2 - 29.. 


TYPICAL LOAD LINE | 
INCREASING Verses 
CURVES FOR CONSTANT | 


Figure 2 - 29- = ig : \ 


Note that the characteristics usually presented for a UJT are the emitter- —— 


_ base 1 characteristics. . The: peak emitter-base voltages are ‘proportional to the - 


‘ 


"intrinsic standoff ratio" and ‘usually has a value near 0.5-0.6. Once the: 


at 


emitter-base voltage has exceeded the peak value, large emitter currents may 


" flow. a . k= 


t * 
ra : 


Jn order to gain some insight into the UT characteristics, we .consider 


the phyetent electron-hole model (Fig. 2 - 30). The bar of material between base 


i a 


terminats is a lightly doped, n-type semiconductor. With no connection made “ 


“to the emitter terttinal, the. bar acts as & resistor, wusually having a resistance 


value on the order of thousands of ohms . The emitter termina). is connected to 


a p-type "dot" near tie middle of the bar. 


NO EMITTER 


CONNECTION © 
“eyRED! | Pe - ; . 
. Figyre 2 -. 30 : os 
When a fixed potential difference is applied to té@rminals: Bl and Bar, 


_(B@ positive), the potential distribution along the resistive bar appears. 


as in figure 2 - 30b. If (after having taken into account the metal-semicon- 


ductor: contact potentials) the potential difference Vien, 18 smaller than” Vis 


e biased, and only a small leakage current will . 


“ 


the. p-n junction will be revers 


is increased, eventually ‘the p-n ‘junctton 


oA As ane potential difference ep, | , 


ne 20) ee 
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Soy owbLL-become forward biased. ts holes diffuse from the p-type material into” ae 


' the net ype, bar, they are. abics toward Bl by hs drift field due +o the © 
‘Governed ALfference Ve ‘Bt applied to the. bar. - ane mobi le carriers: then rae _* 


ry 


* decrease th the resistivity (conductivity mogulation ave ue increased carrier 
density): of the bar ‘between. E and Bl. ‘Mis ieavsbane he, current Plow Yprovgh 
“E, reducing the resistivity of the bar -between E and Bl, increasing the. current 
de etc. Bventually (ini croseconds), the éxternal cireult limits the current 
flow, and the potential aitteren Scien E and BL is. amall. The "Resistance 


or YR Bl of the emitter-base terming1s is. typically on the order of a few 
T . vi ‘ . . 


-&E : ‘ 


tens of sme after the UJT has fired. If the emitter -base 1 voltagg is decreased 


~ 


until the p-n junction ievaverse biased, the initial state (fig. a -30b) will 


be restored after the. carriers between ff ani BL have been "grept out" by the 


electrostatic field or have recombined.‘ ? 


t 5 Rd 
8 an example of a UJT triggering circuit, we eoiatdee’ a circuit that 


Je ae a 


could be (and has oe) used ws a light dimmer ae 2- 31). 
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_The slurent ‘through the Lond’ restator (R,).& can be \ varied “by. adjusting 


mas ae Tee 


the value of ‘the, ‘Yesistor eae To analyze the cfreuit, we first ‘oqetder i ce 


the voltage’ ‘waveforth that oxlsts across the, SCR assuming the BCR is: never: oe 
trlegered. This ‘voltage ig a a full wade rectified sine wave, as. in. figure . : 
. a 328. “igre SOR is triggered once dbring each half cycle, tae voltage ae 


across the ACR aneula appear &s in figure, e- 32h, We’ assume ‘perfect on-off . 


action: of the diodes and the SCR for simplicity. R, ‘serves to lower the 7 eM oe : 


voltagé BB 


and Rp are chosen:on the basis of the wT specifications 80 as ce. limit the. 
8 


across. the tut to its~normal working voltage (around ho v). Ree 


current “wher the AM fs conducting.” 
Veer a & @ Baer. « 
ee Vay ACROSS. THE SCR ; 
6 re |  ASSUMING* NO TRIGGERING 
% 
Vecx 


SCR TRIGGERS EACH HALF-CYCLE 
VOLTAGE DROPPED ACROSS Riu 
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wo " ; a i Figure 2 - 32 
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_ tion fires. is assumed to be 0. é in figure 2 ~ 32c. When the YT fi és, 
| i 


Zz oy ‘, 
“ust ebveen ‘terminals, ’ B® and. Bl. Thue. ‘the vat vasef orbhse voltage ar 


4g 


ements equal, ta. the. voltage: serosa x wea Cc. eoffinea. “The. oapacitor ee ee 


voltage Vv, continues nee increase during ach. half cycle ag long ) a BB Va = 


7 
“Eventually, ‘the oppacitor voltage reaches the value Van 4 and the wn une 


wv 


the cxpacitor ‘discharges through tae: emitter ‘Serginal. of the. wT gonding Be o., 


‘ current piige into the gate of “ SCR.. If the capaci tor and the UJT peak 


\ 
ay he 


voltage are jagge e enough, the SCR will betriggered. ‘The gate current: anit 
* punae dueation are determined by. the wr characteristics, ‘the SCR-gate ghar - 


7 acteristics, the vate ‘of. Ray and ot course, Ce! Once the SCR has been tig 
a . 


aetet "the voltage across the triggering sveult is just. the ome voltage eo. _ 
° arop Sens the conducting SCR. “Therefore the capacitor does net charge: up, 


* during the rensining pores of the half- meuGte At, the. end, of ‘the half-cycle, a 
0 4 : ‘ "ore : 
the, SCR anode current goes to Zero since the ‘source: Voltage goes to zero. 
Q ow 
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The ‘SCR turns off and the’ eireuit is prepared to repéat the. cycle. This “ 


7 example, outlined’ in the’ crudest, of models, shows aS of. the jensen UST"s 
on 


« Aeou ¥ 


are utilized ‘in trigger” circuits. ae UST isa partsculanty versatile One 


& pe r . - 


“and the student who is seriously interested in electronics, logic cireuits, 
a ' 


or aha log computing circuits is encouraged to further study this devibe. 


ie - 


“s 


rt is “frequently desirable to provide eameee current {isolation between - 


& ’ 


the gate of an SCR and the rigger circuit. ‘A-pulse transformer connected to 


~ the gate. (Rig. 2 -.33) is one commonly used method providing the desired isole- 


¢ 


bed 2. . : i - . ‘ . . 
_ tion. . ‘ e. ; . 


sh a 
i h oA tie fees. ‘es . F ets ; : eae te ‘ 
een nnechietpeneee patente te tethteray emma yemnntntn mary andineenaet . - = - wat ener ae Sa hee engeteens wn eee pe temeen oe 


“ponse: 
TRANSFORMER. bat 


ra 


em a) ee ae oe 
cit Tn the. cases where the size. ‘and weight of the pulse transformer’ are oritical, 
: 8 "picket fence! gate voltage waveshapé.nay. be. chown. the picket. tence. 
: : NS de 
“(Fig 2. ~3he.). hg an approximation toe desitable “triggering waveforin such’ as be 
7 * - ; a : . 2 ec : . ee . tei a Ps 
i ps8 showin. in figure 2. - 3hb;. - - a 4 A . e sy a 7 
é i ae . 7 , ® ‘ # 
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: ; vce , . : od ap os : 
Bo Phe, ‘size ‘and weight of a pulse transformer are related to ene) Vesna oN 
. integral of. the’ pulse waveform the tragisformer must, deliver to a een imped~ " nae 
. s : ance. ‘This statehnent is based on the fact ‘that ‘tron- dore. (even exotic ferrous 
oe — terials) have a visocLmu useful flux density pa . x 1OF a given application. 
: a The. flux. ton is roughay eqiiel to the’ Plux density ‘bimes the area’ of. the iron 6 - 
Geke _ 7 ‘core. ; x 3 ; pe : a ; | os oo % : . oo ) _ re 
: , f ha ’ e ’ 
fd . a = : ras " ¢ > BA ow w ; “a ‘“ 
MOM a. gs ane voutage | 1ef appearing across the ‘transformer terminals is related to the flux” 


by Faraday’ 8 low 
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AS the volt ~time integral of a cae increases, “the “ecm oS - 3, ons _ 


United by ‘the characteristics of the. ion core, n A must Therease. Ifn 


“~ 
uF a 3 


- “increases, more : ‘turns (of thicker, Wire (keeping winding Feistance the cane) 
‘mply ey larger, heavier transformer. Also, A. Ancrett ng implies: ey larger 


. ie : transformer. Obviously the volt-bime integral of» ‘one. spike ‘of: the picket 


~. 


ww” 
: feneé is very much smaller than | the. volt -time: area of the entire gate pulse. 


? 


the transformer flu "recdhgrs" or: is "reset!" between the" ‘spikes of 3 ‘the picket 


ae 


fue fence, Henée a - snaller, Lighter: pulse tfanéformer may be utilized with the 

ce naeaaune ania Re eR te ree ee ee Slates aust Sate og Meta eats 

a picket-Pence waveform than with a single, gate ae a 2 6 6 
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‘The triggering cireuite presented in this apter haye-not been presented ey 


Xv 


in surtie tent ‘detail to “represent lore than eke. geirm ‘of an idea: Even ‘the 


| ” . UIT circuit, which was Primarily intended to. introduce the student to the. - es ‘ 


a characteristics af-a UST, was modeled in only the epadeat terms. A much more —— : 
e . 7 —_ careful wodeling would be required to design Aich a cireuit. The basié dens . . 
4 + =" “this section on iriouertne eirousts is intended to convey are: , 
ais oe + @), The ica of a triaaey wircuit must intexprét a gate data 
é, 7 an caxefully,? : ; ae ; os : . 


Poo’ ; —— . . | 
b) the characteristics of the anode circuit as weil as the gate 
| circuit must be pone eos ; ia a ri 

<< ; 


. MY), ths bnigaer eircuit may.contain a sighificant portion on ai) of) 


* 


a the logic cireuitry and eanciag ed reuits, used to eonteat the SCR. . 5 


& 
d) the trigger circuit to be used must be selected ‘from the infinite 
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ee oe possible trigger ‘circuits on the basis of the Speci. fic . So 
2X ey “ . . 
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wey A really intelligent choice ‘of a aleces ‘circuit requires experience, crea - 


wy ¥ 


— ea » tivity, and most. important ; a careful evaluation of the "degirable features" 


oe a: of the. cireult. ‘For example, vst B dcket-fehee triggering waveform. involves : 
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then scr, and choosing the resistor connectied to BOR, "66 have @ much’ higher 


resistance value than the ventater connected to. SCR, . “ 
oe = = Figure 2-37 | acs ” 
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We “shel. define ‘the inttted conditions of this steeult as SOR, conduct - lg 


~ ang; CR, ‘forward piovking, ‘end-ageume this? situation hes° existed for ‘some ‘a ee 


long tihe period. A transient will be initiated by Erignering ‘SCR,. The 


expected: steady state is- om conductingy BCR, forward blocking. ‘The decision a 


to ohoose. thesé initial. :Q0) itions and the expected steady atate come from 


; examining the, clreuit and knowing the purpose of the cdroutt. We had five 
possible steady states: 1) both ScR's conducting, 2) both BOR’ s blocking, 
3) SCR, . conducts while SCR, blocks, “hy: SCR, ‘conducts, while SCR blocks, 


5) the cireult might oscillate, Knowing ‘the function of the circuit, we 
eliminate possibsiities 1, 2, and 5 85 cireuit malfunctions at best. By 


examihing. the eireult and observing its basic symmetry wé suppose that states 


3 and 4 represent ‘kelly steady Gtatea: We arbitrarily choose 3 -as the condi = 


tion.of the circuit and will — the cennntant involved in getting to 


state 4, The identification of initial and steady states may: seit, ridiculously 


trivtal in this simple cirouit, however, auch & -proctess = in understanding 
and modeling the circuit. We are “Lueky" that the picb len, ig so trivial, for . 


many circuits etiat having’ Hundreds of possible steady states and simplifying - 


' the problem by choosing the appropriate atates-is no easy task, 
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across on SCR when it is conducting, and’ that the SOR aureent when the SCR is 
forward blocking is very ‘mall compared with | */R. Such assumptions ma may permit 
us. to ‘treat the SCRTe as perfect ewitches during some part of the time under 


consideration. We start with the. initial conditions (Fig. 2 - 39). es 
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aoe only é current sesuah Ro would be the oe current. of SCR, which is . . 
negligible (by: asstinption), ‘The capaqitor is charged to the voltage E with eat 
. the polarity shown in figure 2 ) 39, Next, a~tTiggering pulse is ‘sent to the. - a a 


gate of SCR, which turns on in a few microseconds. “Note that before turn-on, 
oe big forward blocking voltage on SCR, was BE = Vo: e, wen’ 208, turns on, V. is 
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being | swept out of’ the semi conductor and recombining. Qinen SCR, 
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‘accepts current, the voltage across’ capacitor Cc ‘continues’ to change with time 


. constant RC. | If the rate of change of voltage ~ Vat is below that value that 


will retrigger SCR) (known form the SCR data sheet = 


nae): and if the. 
: capacitor-is large enough that the “SCR current ceases before the voltage . 

poy. across one SCR | ‘is in the forward direction, the SCR, will be able’ to 

‘block the forward voltage, and steady state will be: reached in about 3 time . 


4 conatants (RC =7) is shown in eeume 2 - wa, 
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- reverse current owing turnofe) is ‘usually determined by triad. and error. 
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. Tn this chapter; several models of the SCR, have been presented as an . 


at a 


. aid a remembering snd ‘uriderstanding the cirevit characteristics of”. the’ SCR, 


“gree the SCR has been modeléd, not only ao the published data- and specifica- 
oS MS ‘tions of. the SCR become more intelligible,. but device behavior not novina lly 


specified on the avai lable date sheets can be anticipated, Triggering cirouits 
+, have been presented and ai scussed, show from a detaiied design or ‘analysis point ee 


. of view, but to impart ‘some Siee of the panda: of things ‘that are ‘typically | 


considered. in oe or designing such circuits. The ‘uni Junction he ee o 
“has bade presented in ‘sotie ‘detail because it is a common hy used” device in” ae 
“oat and. trigaer cireujts for SCR's. The ust's chavacteriistics ere drastic- a 
Sand by erent From those of the transistor, and. few students are. familar 
_ with’ the, Aevice.. Finally, - the analysis of: an ‘SCR turn-off cireui t, ‘On . 

“© ampdrtant secceet in inodeling non=Linedr cirouits is presented, which: is, a 
single: circuit may have a Jideiety of possible steady-states, ‘and: the particular: 
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_ atesdy-state reached at ‘the end. of a transicht depends on ie initial circuit . 


"+ conditions | and the disturbing (or triggering) Bignal, . In this context, switches 


that are time depéndent, voltage dependent, or. current. dependent are considered 
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priate voltage angecurrent: ‘waveforms that describe the’ ‘intended epeuseton of ake 
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— 7 The ‘follewing circuit is proposed as ‘an Son turn-off cireuit: str, ig ‘ 
oi : . “triggered in order to. turn off ATH later SOR, is triggered to un off = : 
| BOR. | You are wagked- to plot appropriate voltage and current waveforms - 
"that deseribe the ctreptt operation and answer the Policing’ questions, . ba 7 
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= a voreaest A ga - | ° . a _ ~ 
. . b) How should the: cireult be modeled ar the time pericd between 
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* “150 watt tant pulb (110v). ‘The SCR: coritroller is to he used to vary the - 
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» You are to design a working cireuit. it 1s not necessary to minimize cost. 
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oe ee ee R, curve, and a light bulb wapeert vs Ro curve. ‘There 
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ae terminal grounded), and the value: of R, will change as a furtction of current, 
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ae ae chapter. Introduces ‘wo reeset dene. “Pirat te the be wsotugege or 
‘avenige values ‘of: voutege: ‘sna, courvent ia peobiens, where he: same. oycle ins 
“repeated again anit again dae: steady atate, and. second ie ‘the: ‘idea ort = 
"yverative: figdeling". where, the model, ie suocéssively refined ‘int, ‘the « answers 


yielded by the model have the ‘required accuracy. Secondary objectives of tye 
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Jeeney are a discussion of Kfrchoft" Tavs: as applied: to, a ‘avitching circuit, 
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“While "inverter" ia frequently aed as a ganwede name ‘for. power conversion 


os — cireuite, we adopt the following Seaman used definitions: - \ 3 : . , a . 
» _ : 2. Rectifier ~ 7. ‘changes AC to DC ; | ae. 3 : i oe ee 
in a = Inverter : changes DC to AC a te ee ie rea 
converter - changes DC to DC at a | different voltage : _ : ; 


at sonvertes could be made by corihecting a rectifier to an ‘inverter. These are 
not universally accepted definitions but ce soiecienee common and logical - 
that their meaning will vevally be clear in soiteck. | 

A line-voltage commutated inverter cireuit ke shown in figure 3-1. The. 
phrase "1 ine-voltage commutateda" implies that the AC line voltage in some way 

, 

turns off or switches thé current from one SCR to the other. The circuit is 
intended to transfer energy from the battery to the AC Line. he eteouls may 
aiso be used, to transfer energy from the AC Line to the battery (an efficient 


battery charger); and when. so. used is known as a "phase-controlled rectifier" 


te Si because the charging cirrent. ao on ‘the ee of the SCR triggering signals 
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Oe tet with assumptions can be easily identifiea, “aoe es ee _ : 
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peguirements and give — "feeling" of the nagni tudes and sigen of components. 
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: thérefore, 4 = ek 7 ok Zz i 
| : | Fa =~ Le ‘by betitution. ee = & ; a 
. 3. We assutie the internal resistance, of the battery is: nngidpibte (zero). ' By 
. Normally; ‘the iR drop aue to a pias A internal veel stance is amad1 compared ; 
- . to the battery enf., ‘The internal resistance of a" thaa-ncts auvemeert’ battery 
for example dis only.a Pew thousandth of : an ohm for &. voltage of 6 volts and ans 
7 oo “ampere hour capacity of 100 A. hr. At the iechenanawe charge-diecharge ate of | . 
i. 2 . 10 pias the ‘internal iR drop changes the terminal voltage by ese than 34. is 
; i‘ i ” We assume an Ndeal" transforma? w with négligibie leakage: reactance and wind. 
ie : ing’ resistance. "Examination of ipanafomer design methods suggests that the 
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. impedance due to Leakage rédctance and winding: resistance combined is usually. 


a re ecg att a 


ce Gales 


_ negltaible and the ‘anggorsor Aron Mooan' daburate; we. cab: use the idea. thing ‘ 


NY i : fe “epek or 


ol Seiwa da cai bu's Asap ecb a meagan poe coaeE as teed achs ot Sidneass si mcens Secrest in one Sitengeget Si weve fscaniges et os eee rete ar nee ie a ee. 
Pe 3 former, pelation: ae oe 7° ee 


ia Nyy Ned + Ngi is? = oy i a oy ‘aamumptt.on aicestay from 
| - a i: & _Amperés' Tawi oe = | aoe 7 < 
Ok ft a- Brig? Le 


where the ‘current dingétions ‘are defined as: in Tigure 3 2.00 ag ho 


ls “e a oo ae 
ne 7 te Figure 3 2-20. if * @ 4 « ° ge 


5, Finally, we assume that the AC line is steer aia is, has negligible’ 


ie ; . 7 EF . , 7 . : = 4 * ‘ . , 7 u 
e ’  .  gource. impedance. . e 4 ae | 
o oo - 8 


- _ Cs 
ne 
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Now thet the elements have ‘been idealized, we begin to analyze the ) modeled 
« 'y 


cireuit.’ ‘We first: label the voltages and currents of interest for ease . in ais- % x 


us 
ey Ci — . 


t ‘ : € , . " F 4 


a  ' eusaion (Fig. 3. - 3). | — oe 4 | ae 
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mal 4. Kigphottts current equation’ |. | | | 
. 4 . 8 " : . 8 : . ; a : ' sg fo, er 


. “these equations are not. sufficient to. solve ‘the sohreutt’, we mast ‘hey 

_ saditiona creer as ‘to thie switch behavior. Not only. must we is uae a ae 

‘of expresding + ‘the electrical characteristics of the switoh whitch’ are: 2 : 
oo oa “to (8 open - e, = - anything, i, = Oy on ae eV we Hy 


ad 


S closed 2, ‘ =. 0 : 1m anything, mot _ a a 


git! , 
put we: * mgt now when each ‘switch is ‘open or closed.” ibotining ‘the cdreuit of ie 


v 


i _ -‘Pigure 3 ! 1, some n facta become cl clear, . Ba ae a ° ee os ; eet 
| ; or. ie. ia reverse ‘bpeking _#. # b 7 , 4 - ; 
. ’ ie | _ 4 : > o “or BOR, is reverse blocking, _ = ee - - | i 
can Also, conniftering | the .Loop composed of *p» €3> 85> and <a it As clear that, ; a 
7 7 and §, c nnot stautaneovely be closed, because one. of the SOR's (depending 
me ie on the pol ity of ep +. reg) will be reverse biased « and will therefore turn off. ‘ 
an oe Furthermore if the inductance is assumed large asough to maintedn ‘e nearly con- 
we 7 stant curren through the battery (recall there is no R in the sarees there- ‘ 
ee fore aN gt e - Es and a. large J implies Scene Mid), § and” 3 cannot _ : 


; egg ; Hoos : ; SoBe te es, ot ney} , . i s = a 7 a: tad 
er oe : : , = ae 1D9 ‘we - Minis FA aia a eS a Sym : 4 mye t Pe 


> 


wero. "We: peive: cate across another + poesbiy, sinplitying assunption. | _ 


Bey veiateteaeth Rees ata SS Ee Oe oe ce es ee eee ea aan a ree ei cs a why Sb pci cl coe tay ws ajay e Suton pep soa dies ate ae oy eats pepe SF a ee OU ue aaa eer ect acter 
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s. er ae Be LAS aie wr, BS se ee ee ee 


6. “Asmnis i, 4g ‘approninately covintant ecaiise L ds Janes 


-£ ee os 


. ce 
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The rematntig two “evttariives : 8, ere with’ 8, open and. 0 open with 8," 


closed, seem: reasonable. once a awitch has cloned, the tnductor wills assume | 


uhatever voltage ts necessary ‘ee keep the current ‘flowing (with. vajue I, ys 


through the switoh. “Therefore the switch i ‘remain closed regardless of A 
voltage ep ant ©, until the other switch is. closed. Then it must open. When — . 8 
; can @ awitch be clgsed? SCR, (assured open) is forward blocking throughout the. 7 a 
io | ree 180° of °D + 3°. _ - . —_ ee | 4 
i . ‘ Voltage across 8, iP sie nh 
‘ ? me anes is closed. | ¥ 
ie: : , gay | to 4. RR 4 re o ae at ic i ae cee a s a 
na Therefore S, can be closed only within QO” <6< 180°, From 180° <0< + 360°, me 
‘ | SCR, ig reverse blocking. and cannot” be triggered. Similarly, 8, can | be closed oe - e 
ioe | 2 ) = oh | | me | 
oo, ghaby within 180" <0< 360°. z . om 24 + a 
Be _ ae We are now ina position to- begin plotting voltage and current. waveforms . 
i . The ¥ waveforns will bé: considered for three different "Pring angles" @) at 
which Bch is triggered, namely 45° ; 90°, and 135°. Firing angles of O° and | 
~ | 180° will not be considered Because & + &3 will not be large compared to the 
Ge | forward Goltave drop across the SCR and SCR turn-off will be more complicated. 
| mus at 0° ana 180° firing angles, modeling the’ SCR as a switch would be unreal~ 
a . | istic, We begin (fig. 3 - 4) by plotting the currents using equations (b), (f),. 
on the switching sequence, and the constant current i, 2 1, whose value is not ‘ 
a _ yet known. ‘gwitch eis closed firing angle @. 1, flows through ep until 2, 
Be 7 | ; | : ae, 


ear os 
® *. 


te slowed ot “an oe + 180°, Note that. the | Line. current of the ‘transformer =D. 


the * square wave while ‘the voltage ‘ts a. gine wave. Mids means the contertap 


7 ; “atde ‘ot the trainsfoimer doen nob took sything, Like. a ‘Vines: ihgg edance." - 2 


a% Newt we consider the voltage waveforms, Using dquati ons. (ay and: (e) and 


oe owing: thet: ey bb. ey hae neo when ie appropriate Bwitoh ts cloned, we plot . 
= 2 3 

ee "We can plot e. » be solving equations “¢a) and (e) to. eliminate e, 

ey + 3 Te Cg Tage . 


a and 2 when. 25 and e. 83 are Zero, We note that a above equation is Just. 
ye . a “ 
oe. the Kirchoft voltage sum around the loop containing, the me otiches and the. 


a 


/ *  gentertap transformer . ‘winding. ‘ 3 
7 : . We have yet to determing ‘the’ values of Ty e ie Consider first the. 

: determ nation of By: From equation (e)s we can relate the voltages 5 and 'e, — 
i , toe. Further, we can’ use the fact ‘that. e = = < fore,. Ir eas of the ee 
.  pélarities dpadened in figure 3 - 3: | ; so a? ak 
yk | _ i, oy Lea, 4 ae etoe ws 
Bes ‘ e,, ae “ae as : j + 

pane . and 

{ aK ai . 


evious i, cannot be absolutely sonetent regardless enh large I, might be. 

ou However, it will not disturb any of our analysis if we. allow iy, to a Tuceuate by 
some small amount (such. as @& fraction of a ‘percent of the value Ly ). We can . 
— the aie equation and integrate. | 


ae (eo-Ey at = -L fe iy ~Lad, 


Changing variables 


¢ . 


| jf (e@, - -E,)d0= ~L ay. 


Consider the form: of e. in figure 3 -.4 for the firing angle a “ 4s? , Divade 
“". the cycle into! two parte: 45° <0<-135°, and 135° << 360 plus 0°<e< 45°. In 


the meetcn 45° << 335° ‘ Ad is changing from its original value, i. to a new © a 
4s 


. ‘ heat . - 
‘ ; 5 1 3 . . : : ee 

' fis og F . . ; anng 

i i : by eo : or 5 - : 
. ee 6 {eu a ee ee 7 ‘ . A a BY cone vay 
ee ccc Se oc ceca wastage te, Sake om . yeep ity Sages aoonige : . 
an : Srecde ne te ‘ : *. feat My 
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ares 


sian cegen codes sainyiatiereewia 


* Ps ‘ o- ir i ee 7 Le 7 : x 
F 3 = . 7 7 


* 
ae ee 
Rae se 


“ie + pblgedsrane iment 8. ae ange aepende: ‘on’ the ieilue of , 


Lo a taane: tags" 


easy ‘ : < nee ‘ . 3 . 7 : : ei* ‘ . : 
+ iB e —_ ue 4 ee a ; ; . a a oe 


— 


on 


res : one ~eage © a bee a r " er Cr 
> baring the Next. parE Ora” eyeie, * inane sgnanges, rene ott 
a rs vee A ue ie = 2a a . yea 


Tfswevere: insa spteady state, -eyelierprocess, wait gaa bt kaging i 


back ‘to {ts original waluerat: the /beginning’ ‘of the cy¢le. This is :obviobs 
« ig . ; - , . . 


from. the definition of a eyelic process, that iss oe 


Definition: - In a ‘eyehic,. 


Ret En our ‘set of equations, there ib Sai. one. value of Be ‘that wit satiaty ' the 


: eyelic requirement. We could find such & value. for each a ‘and determine the — 
t; - ro ~ 
He voltage, waveform of @, . is not. deterninapie® by any Seviious neans . should. 


= be different from the. value | isuch ‘that: Ai, = BA) >* 
; | a 
nee “a ea 

a tomate pies or minus infinity. We. would no lowes have & cyclic process or .& 


i 


tesa state. ‘In actuality, a Penney state and” a cjelte process would be. attained 


_ 7? 


Af: ‘we considered the iR and other voltage. drops" in the circuit that. increase with 


SEM oye 


tie éursent woula "ratchet" 


ave 


current. The circuit. current value is determined by shone drops” and the ‘value of a { 


Bot We suspect thes if Be has in fact the value aeieniatul above ignoring iR 


drops, I, 


Pa 


b will be xero when. iR drops - are Gonnidered; 


ee ee ” the . _ 


Before considering resistances and. stray inductances all over the cireuit, 


_Yy we pause to consider a shortcut, both conceptual and effortwise. Reconsider 


cy FY ~ 


s 


equation (c), that is: 


oo 7 © et “i * B 


\ 


- 3 ‘where eo is known to a first approximation. Knowing that the average voltage 
across an inductor in a syclic process must be zero’ (see the ca digression), 


we “average in equation over a cycle, , | 2 : 


‘= od 


& lek 


° (200 “te LessEsi40 


T consr 
SE, dQ 


« 


EVE VCEMORe because of the ‘repetitive nature of e, during a cycle (refer to 


figure 3 = 4), “+/80° +1 80° 


wl e.d0- #€b LC; uaa sin@d@ = cL. e, dO 


x 


o> 180° 

= Simax cos] REY 
This simple expression givealtne acne value of B. that would have been found 
by requiring ai, to equals is. 

Digression 
In a cyclic process, all ideal inductors, linear or nonlinear, 

must have a tens eyglic Average voltage across their terminals. Con- 
sider for example an ifron-core inductor (a more complicated case than 


an air-core inductor). First we topologically "pull out" the winding 


resistance (Fig. 3 - 5), 
| . R winpive 


: x : 7 . 125 
By Faraday's law, 2 oe nf P , The iron core has a flux ¢ associated 
with the value of the current and the history of the cere. The ¢-I 


¢ 


- curve of the fron is shown in figure 3. - 6. 
° , *- MINOR HYSTERESIS 
Loor 


Figure 3 .- 6 ' 
Suppose at ena beginning of a cycle, o= $, and current Ly is Hiowine, 
During the cycle, the flux undergoes some excursion and stops at flux 
value $5: te tn a cyclic process, all variables must return to the same" 
value at the end of the cycle as at the pesinnine. In the éxample of 
figures 3 = 5, 6; if 5 a b> L, # i: {f the process is cyclic, 

7 L » *, = 9% ,'and i, = ee 

Thus 


Lig dt = nf d¢ =.-(%,-%)=0 


and, dividing by the prt of a cycle; 


Fle, dt =2 


or changing -variables; 


/ CS , | 
2mTr f ey dQ — O = average value of @ 


Thus the cyelic average of e. must be zero. Writing Kirchoff's voltage 


i 


O : = average value of e. 


t 


law for the given loop$ 


Averaging over a cycle: : , . O 
— amr 299Tr + hy i a 
ne / ae ae ’ . | 

anf Ci, da =a J (RIO arf ¢ d@ 


. 
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Note that It Is not necessary for the average value of e,,,0r 1 to be 


equa) to zere. Thus the winding egimedncesnas Fue negligible or brought 
ne | 
outside the torminals of the. "ideal" inductor to use the "zero cyclic 
average of the voltage” shorleut, and the argument is only valid. when ‘Lhe 
ea 


clrewlt vartables describela repetitive cycle (steady state). 


The battery vollage and the voltage Xy are plotted th figure 3 - 7,. 


ballery charerc no cnerey power delivered to Line 
oa Lrans fer 
; Prgees oF : : 
| ; 
Modeling the Circuit. -#2 : : 
rh < . 


ir ceaty be calculated us ing Lhe same arlitice used in scparating the winding 
resistance Prom the fdeal tnductor. We move the forward voltage drop across the 
SCR (about | volt) around the cirenit: Loop to the battery: (fig, 3 - 8). ‘The 
battery internal resistances the tnductor winding resistance, the ven tetance of 
one side of the centertapped transformer winding resistance, and the transformer 
line-side winding resistance are al) lumped in a single residtor next to the, 


battery. Note that the transtormer leakage reactance ig ignored because i 


: di 
b 
is ¢ » thr ; i >» eyele gs t LL —— will be negli- 
is constant inroughout: most uf an eyele so that Mi cakene quc e neg 


gible excepl during the SCR switching. 
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Figure 3 


Ped 


. ait 
“A z 3 : a 


. 


Because the current Ly is constant, the iR drop is 41lso constant. ! Nothing 


changes the analysis we have made so far. We.merely apply Kirchoff's and 
4 
Ohm's law to the loop containing the battery op’ 


\, 


a -~ SCR drop - E, \= IR 
By Bp aR. 


B 7 SCR drop - By 
i R . . 
we _ \ 
Obviously ey and E, are no. longer physically measurable quantities because of 


the fictional R. 


Mode ling the Circuit - #3 ( 


It is a common occurrence in inverter and phase controlled rectifier cir- 


t 


cuits that the transformer np reactance is not negligible. This leakage 
reactance limits the rate of ‘change qf current in the SCR's (a very favorable 

‘. * effect) and delays the actual turn-on tiie of the SCR's an amount ¥ (commutation 
angle) in addition to the firing angle a. The leakage reactance of concern is 
associated with the center-tapped side of the transformer. The leakage react - 


ance is "pulled out" of the ideal tfansformer as a pair of lumped inductors 


* __(Fig.-3-= 9). | eee eae 


7 ost: 


Ss Figure 3-9. : HY 


oa 


Because I, is still assumed nearly constant, the leakage inductances 
t 


have no effect whenever one switch is open and the other switch is closed 
ciot/ae % ~ O). We must revise some of our original thinking regarding the 


possible states of the switches. When SCR,, is: closed, the current. “i, 


increases gradually, its rate of change limited by the leakage inductance, 
While “ho increases, I must eeadiailiy decreases; its: rate of decrease limited 
~ { 


by the leakage inductance. ‘Thus, during switching, ‘both SCR's are conducting, 


t 


We express our concept more precisely: 
a = const = iy ~ 1, 
differentiating with respect to time _ 


ai ‘AL. 


te 


~ 


assuming the two leakage inductances have the same value, the valtage magnitudes 


across each inductance will be the same since. 
“fe = (etic dia Lenz's Law 
t . : _ + Faraday 
' a 
4, ™ = Leake Te 


> Gag ™ — Ses, 


7 o- , ; 7 


SPL ERY *: a aia La dea, Se a ec hs eet ad RNG ee? OM ee oe cere Bae aC EEE a i Steen ee tea he SIRES” Be ASR SARS eg EES gat er ER ees sof ey i eb kee = 
A 8 * ae . ‘ . » 7 \ . é ak 


“AWE e NS aya 


eo = 129 


during the time both 4, ani a, are closed 7 
since @, = By 
. Fa 
“@,= Ges, | a ! 


and therefore 


as Leek dlaregt oe 
rs eon “L, soap (lag ete) > 


i_, and 
5? 


to shgw the for- 


We Consider the meaning of these equations by graphing e,) Ro 


- i, dunkne @ switching Opera nOHiay _ We mot ote instead of i, 


ward current through SCR, (Fig. i io Adesume, initially SCR, is conducting | 


(8, closed) and at firing angle %, SCR, is triggered (Ss, closed). When 8, 


closes, the current “i, increases while i, decreases as the current is trans- 


ferred from S., to S,. Initially, i 


\ —_ 
soy a(t1) = % 


The voltage across the leakage inductor is é,: 


1 i ea ‘ 7 
+ Jy, ep at = 1,. When the switching time ({2 - t1) is 


expressed as an angle y, if is known as the commutation angle. The value of 


After switching i,  =-L. 
The switching time (+, - t,) 


: ‘must last until 


the angle y depends on the firing angle « beqause ey is small for a's,near 0° 
or 180° (giving larger Ys) and increases to a maximum at a= 90° ( giving the 


smallest y ). 


so 


2 mare 7 , ee: ‘ ey ma a ; 
ate Sg 


ey 


| QL VALUE & 
Figure 3 - 10 _ ; 
The voltages dropped across the leakage inductances subtract from e, and 
thus modify the uae of the battery voltage. We éortect figures 3 -‘4 and 
3-7 thine th8e account the leakage inductances in figure 3 12, the. 


analysis betweerr switching times remains precisely the.same. , The model we have 


now analysed is shown in figure 3 - ll. ( 


e os 
v : ( 4 
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“y i a 


By CR yl volt forward drop across & cipcting BCR, . 


R = lumped equivalent resistance composed of transformer and inductor 
Wihding. resistances and the battery internal resistance . 
, ' , : . . “4 . 
° lye ae 7 d leakage inductance of the centertaped side of the transformer . 


Figure 3 -11 
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Let ts review tne assumptions made in devising mode) #1 of the einenit: 


1) All through the analysis we have assumed large currents compared to the 


‘SCR blocking euent and large voltages compared to the SCR forward voltage 


drop during conduction. We have relaxed the negtdivemant: that the SCR forward 


“voltage drop be negligible in model #2. 2) We have -taken into account all 


winding resistances. Tt is algo not necessary that I, be a linear inductor 
(avoided in the "averaging trick"). 3) We have accounted for the internal 
resistance of the battery. 4) We have also considered thé transformer wind- 
ing resistance and the leakage inductance on the center-tapped side in model 
#3. We have not considered the leakage reactance on the line side. 5) We: 
still require the line to be "stiff" so that voltage harmonics Cnsseing up 
the sine waveshape") do not occur because of the non-sinusoidal current. 

6) We still require I, to be large enough that i, can be considered constant. 

Y 


i ’ 

We could further relax the assumptions using more detailed circuit models, how- 
le 

ever, we stop at this point having shown the methods of refining the model. and 


because further refinements are more complicated’ (but certainly possible). 


Summary 


In analyzing the line voltage commutated inverter or phase controlled 
fe ~ : 
rectifier we have used the method of "iterative modeling". ‘The circuit was 


simplified to a point where it could be understood and analyzed with reasonable 
facilfty. ‘This was the most difficult step. If the circuit had been over 
simplified it wouldn't work, and another model would have had to be invented. 
The model was then refined by steps - iterated until the model and its solutions 
gave sufficiently accurate and valid results. 

The iterated modeling technique is an important and powerful analysis 
technique. Each model brings an increased understanding of the circuit opera~ 
tion ang the importance and roles of the circuit components as the solution is 


approached in a step-by-step logical manner. Such understanding is extremely 


iy 
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valuable in design and synthesis of circuits as well as aialyata: In addition, 
the required sophistication of the model or the next step in the analysis can 
be indicated by numerical calculation of given or estimated circuit parameters 
or by laboratory experiment. Thus the analysis is orly as complicated as is 
necessary for the given purpose. In each step, the preceding analysis gives 
the maa esy a basis from which to work and extend his knowledge in that each 
model can be checked and compared to physical reasoning. If an error is made, 
one need only go back to the previous models and try again, therefore, past 
efforts are not lost in the case of an error. 

Tn contrast, the approach of including all possible circuit elements in 
the circuit model and writing Kirchoff's loop and node equations all over the 
Place has serious disadvantages. aes a method is an all-or-nothing method. 
If the equations became so complicated the engineer cannot solve them, there is 
no obvious next step. If an error is made, one must begin again and examine 


each step because there are few or no physical reasoning checks along the way 


Jo manipulating the many equations. After (and if) an answer is found, some 


sort of simplified modeling is still necessary to assure the correctness of the 
answer, and finally, more elements than necessary may have been included in the 
cireult model, adding unnecessary complexity to the solution. 

The "shortcut" of averaging voltages over a full cycle, presented in the 
circuit analysis, allows one to eliminate the inductors and tnans formers 
(exercise 2) from the voltage loop equations. A similar "shortcut" for current 
equations and capacitors exists (ateselge ay, In the particular problem solved 
in this chapter, the averaging scheme enabled us to avoid solving differential 


equations consisting of Kirchoff loop equations where the coefficients varied 


as a function of time (the switches). 


Show that the Faraday voltage at a transformpr terminals must havea ~ 
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. Exercises 


Prove that the average cyclic current through a capacitor must be nebo. 
What about the cage where surface leakage currents exist around the 
eanacitor plates (capacitor sited "Leakage ")? 

, | <- = 
fe egee average regardlesa of core lossg@.and nonlinear transformer: 
loade (like diodes, etc.), calculate! the verage primary current in the 


° 
following circuit. Assume the iron core.dbes not saturate. 
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Problem 1 


ee ESS 


Determine the maximum power dissipated in each SCR of the phase-controlled 


rectifier diagrammed below so that appropriate heat sinks for the SCR's may 


? 
[ | iaoOv 
be chosen ny, 60-Hz Nn, =Nys 


Winding resistance of inductance L = 2,02 


Yotal winding resistance of the center-tapped winding 


Ne 


= 32, 


Total leakage inductance of the center-tapped winding = 10 mh. 


Problem 2 


Consider a 3 phase halt'-wave controlled rectifier 


Zy. 


i 


Assume T, so large that [ is constant throughout a cycle, 


L 
“The transformer leakage reactance is not negligible resulti 

mutation angle ¥ (about 5°), 

: * 4 

pi? tye? 

Plot Vo? V 


Ty on the same graph as a function of + 


D1? and Va: 88 functions of time. . 


Explain your -reasoning,. show aand y. 


a) Plot I 


IdG - 


i abet : © th a el 4 


ng in 


é 


ime. 


a com- os 


for firing 
angle @ . 
<n/2 


oe a A a ae ee, ae ee ee ee 
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, Uy : 
b)- Plot 1 (current through the load resistor R) as a function of firing 


a angle a-from O<a<# , 


o 4 _ As we can see how to “invent.” a bridge rectifier (single phase) from ms 


examining a half wave réctifier, 


— 


: : 
t 4 
, ast , | , f 
t ‘ . . 
he ; e 6 ; 
‘ ’ a 
“4 


i . 
. ' go we can see how the "Graetz Circuit" was invented for three phase (maybe). 


e 


: F 
: 1: 


a) What is the firing order (sequence in which the thyristors are 
( triggered) of the thyristors? 
~b) It is claimed that I, = 0 and that the neutral wire can be removed. 
Is this true? If so, what -does e, look Like (neglect leakage react - 
ance for simplicity)? 


Lab Problem 1 


A phase controlled rectifier is,being designed (circuit below). A working 
‘model could be thrown together in the laboratory to check the design using a 
"110/220 V center-tapped 1 KVA power transformer, an assortment of available 


SCR's, a large variable inductor and assorted resistors. Your specific problem 


. 


concerns the SCR. triggering circuit. How precisely must the SCR triggering 


pulses be spaced, that is, if SCR, is triggercd 175° after SCR, instead of 180° , 


what happens? How about 170° or 150°? Because precise trigger circuits tend... , 
-ERIC-——— —. | ;' Pues 
Fresno] to cost more than sloppy trigger-circuits, you J q 7 


ee a a a ee oe 
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must determine the specific effects such a "disynmetry" in the firing angles of 


the SCR‘'s will cause 80 that you could make an intelligent selection of trigger 


cireuits for a i ae apeiication Show the critical waveform changes, effi-: 


clency changes, and eenpontiie rating changes that would be déaused by an unsym- 


wae 


Heevie triggering of the sca. As an additional question, how should the 


, > 
transformer design be improved or changed from that of an ordinary power trans- 


former if the transformer is to serve in a phase-controlled rectifier? 


10oVv ; 
Ceus, -4” 1 KVA POWER TRANSFORMER 


Lab Problem 2 _ = 

The following inverter circtit is useful at high frequencies where the 
physical size of L is not so formidable. The circuit ppenates best for .small 
values of R. The basic idea ib that SCR, is triggered. When the current pulse” 
through R has ended, C is charged. Then SCR, is triggered. c discharges through 


4 'R giving a current pulse in the other direction. The alternating current pulses 


r, 
occur atthe "frequency" or more precisely, the repetition rate of the SCR. 


gate pulses. sane 
Plot the important current and volteas Wavetoine tmnt describe this circuit 
assuming a "negligibly small" R. newer the following questions. 
a) How small is "small R"? 
| b). What.doegs "operates: best" mean? 
| c) What veorli if SCR, fires while SCR, is still conducting? 
ad) Does the magnitude of the. tel current depend on the een eePr ine 


repetition vate? 


TEgs _* 
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e). What is the highest frequency at which. circuit can operate for a 
ae given set of values of L, C, and R? What is ultimately the limit- 


ing factor on increaai equency?. 


How 
Oc SaAvACE 


BCR, 


ace verify the correctness of your analysis. 
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Chapter 4 Thermal Characteristics of Materials 


Intreduction 


‘the basic principles of heat transfer are reviewed in this chapter with 
special emphasis on heat-sink considerations. four different kinds of model- 
examples are presented. In deriving an electrical model of a heat flow problem, 

. | 


we consider "modeling by analogy’. Considering the steady state and transient 


heat-flow and temperature distribution in a material, we use a “lumped_parameter. 


model" of a distributed or continuous system in which the material is artificially 


- broken up in to many pieces which are considered as individual units. We use 


the "superposition of models" in a linear system when considering the trangient 
thermal behavior of a material where a model’ for heat Snauevici is superposed 
on a model of' net capacity. Finally, a veny "specialized model" of the thermal 
characteristics of an SCR under conditions of a particular (but common ) current 


waveform is congidered. 


Steady-state Constant Heat F Low a) 
gs . 


The heat generated ina semiconducting device such as a diode or SCR must 
travel from the crystal through some bonding material, through ie case of the 
device, possibly through @ mechanical fastener system, tiscudh a chassis and/ 
or heat-sink, and is finally dispersed in some environment. The temperature of 
the crystal depends on the thermal properties of ences Gompondaae of the syatem 


and on the ambient temperature of the environment. We frequently have a choice 


of the size and type of heat-sink or chassis arfa the type of fastener system that . 


is to be used in @ practical situation. [n order to be able to make an intelli- 
gent choice of these "thermal system" components, we consider in some detail the 


thermal properties of these components and the way they are commonly specified. 


tse 


Th. 


k 
We begin by reviewing the simplest case, that is, steady state, constant, 


unidirectional heat’ flow by conduction thrdugh a homogeneous material. Recall 


\j 


frem the elementary physics of heat flow that: the ‘rate of flow of ‘heat energy 


‘ passing through'a homogeneous material (steady state or not) is proportional to. 


3 


the rate of change of temperature with distance (Fig. 4 - 1). 


7" 


ar et ae 


: H = “KASS an ae 
H = “power or heat, flow (watt) 
A = area (m”) 
2 T ‘ température (c) . 
x = distance in the direction (m) 


of the heat, flow 


* 


x <= “constant ="thermal conductivity" 
(watts /m°c) 


H is assumed uniform over A. 


° ot "20 Rigure 4 a 
"H is constant and has the same value for any X such that O< x <I, because: 
the flow of heat is in the x-direction (no heat is flowing up, down, or 
to the sides because. of the uniform distribution of H and T over the 
. area A), and 
in the steady state, the temperature distttbution and values do not change 


; : . : 
‘(fox constant H) thus no-heat is "uséd" to change the temperature of 


‘ a Bs 
the material as a function. of tame. 2s J 
ae oe 
Tt is a trivTal matter to integrate the nga conduction equation under the given 
conditions. “E : 
t . ‘ 
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H=- kA” Zaq . ; : 
| : | Ps + eon | | $ a 
Wedge ek AadT 
Integrating both dides of the equation: 2. oh ee Ff ee - , 


bal ’ 


Hf an 2k AS, AT, - | . Re 
H Lo = “KACTR-T DS : . o. 


Rearranging the terms by algebra, 


(AH + TaN 


In a physical situation where ‘the dimensions and thermal characteristics do- 


4 


‘es 


not change as a function of time (we already assumed they do not change as 


. 


functions of temperature ‘ an excellefht first approximation), the constant 


() is, redefined as "8", the "thermal impedance" (for reasons more apparent 


later), thus: 


s 


‘ ; oO a 
He + T = . Gin. °/yatt 


2 "2 7 : 4 

Consider several sieve of material having different k*s dnd L's in intimate’ 
(perfect) contact with dah otes (Pig. hm 2). Each slab — a @ associated 2°. ; 
oie ite k and [L which may be different than the ons of the other slabs. % a 


hr 


@ b.¢ d= MATERIALS 


BOUNDARIES 
"Oo " ; 


ns 
“ay # Consider the first slab "a", | f 
NOTES 7 

| The next slab "D", yields a similar equation, 

am HO, +Ty = TG. . ee ee 


"which may be simultaneously olved with the previous equation to eliminate ‘ 


a, 


Tp» yieléing | - ~ 
H@_+ HO, +73 "7. 
For the slab "ec", 
NO. +1, = Ts» 
yielding . 
H@g+ H@,+HO@.+Ta *T. 
Yor the slab "&",_ 


e 


a = 7 " 
HOg Ts = Te 
yielding . “4 ee , 
( HO.+HO,+HOe *HEy +Te=T; ete, 
or ° 


H (@q+@g +c tg) ®T, ~ Ts: 
We note that the equation relating power and temperature, difference for “ 
L 3 \ 
the series of. four slabs of heat conducting material is similar to’ the equation 
' relating current to potential dvererencs for a series of resistors (Fig. ¥ - 3). 
We are eneounseed (being electrical engineers) to make an electrical analogue to { 


the heat flow system. 


ry 
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THERMAL: SYSTEM . lh - GLECTRICAL SYSTEM 
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H = heat flow , —> I = current flow 

To os temperature : . — V = electric potential ® 
a ‘ : ‘. ie , % ‘ ‘ 

6 = thermal regibtance > “Ros eyeckine pesletance 


a ad 


Figure  - 3 a yy 
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The reason’ for calling © the "thermal resistance" is now apparent. The case 


of three dimensional heat flow is slightly more complicated than the one dimen- 


sional problem we have considered, however, if we aes areas in the three 


dimensional problem which are normal to the heat flow direction, we can intui- 
er 


Lively see that the same general. form of solution, i.e. 


. 


- & 
P 69 + Ty = Ty» 


id 


WiLL always result over any température range for any material that can be said 
to have a constant thermal conductivity il Sara | ) ~ 

The notion of thermal resistance can be used in almost all practical ‘semi - ( 
conductor power dissipation-heat flow problems for the elements of Piaslnewnl 
system from the segster whee the héat is generated to the heat~-sink. The heat- 


sink, however, is & very complicated element. of the system which transfers heat 


_ to the envi ronntent by means of convection, radiation, and conduction. Conmonly 


’ 4 cy 
used, commercially available, convection cooling (and forced air flow) heat-sinks 
are specified in ‘two ways, A graphical curve of temperature difference between 
the mounting surface of the semiconductor's case and the ambient air temperature 


versus "cooling power" may be presented as shown in figure 4 - 4. These curves 


f - 
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for the various heat-sink sizes and configurations are the result of empirical 
test. The "natural oonvection" characteristics of figure 4 - 4 could be roughly 
approximated by a straight line (dashed line, Fig. 4 - 4). The slope of the 
straight line hee is known as the "thermal resistance of the heat -sink". 
Thus, daspite ene: fact that the heat-sink cools by means other than’ conduction, 


it can be said to have an emperically measured thermal resistance. 


| 
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&y 
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POWER DISSIPATED oR 
“COOLING POWER” 


Figure 4 - ht 


The fact that. in general, an object placed in air transfers heat by conduction, 
convection and radiation approximately proportional to the temperature differ- 
ence of the object and the anbientale temperatures is called "Newton's law of 
cooling". | | 

As an example of using thermal impedances, consider a stud mounted SCR on. 
an anodized aluminum heat-sink. The thermal impedances for the components of: 


the thermal. system are obtainable from manufacturers’ data sheets or could be 


measured in the daboratory. . The question is, "What is the maximum power the 


SCR can be permitted to dissipate?" 


e 


A 455 | 


5 5 bavifeits be iy IAT at TEAR) be Ey 
UT DSR ut A A 
. » ot on i ty ot atte ob oy ae ans ae : ‘ . 


By Given: , 7 | a ee ¢ SO rr - 

e oe Migicdmuin allowable junction temperature (t,) . 100% | | sg ee 23 
me . Maximum ambient temperature (Tz) = 25 °c SO | a 
oe . ; ¢, ~ Junction bo mounting stud ” i. zs Pofwatt oe . ae : ee 3 7 i 


8. - stud to heat ~9ink when ne stat is fastened with the maact mum 


hah 


permissable stud torque (ary threads) 


= 0,35 So/watt dry: : 2 
° . 
= 0.25 C/watt using "joint compound" 
“ oO x ‘ . 
= 3.0 C/watt using insulating 


mica washer with joint compound. 


Q - heat sink - 1.7°C/watt 


We shall consider the. case where si as is mounted "dry". 


HQ +Os+On)*T-Ta = 
H(1.S+O.35+17)% 100-25 ° > a 
H= eS parr ~ 21 WATTS | | 7 


Unless the SCR and heat-sink mounting instructions are followed with care, 


4 


the eaned thermal impedances will not be attained. Mounting a stud-mounted SCR 
will usually involve a torque wrench. Press -fitted SCR's require ee adher- 
ance to dimensional tolerances ( z .005 is typical). Other types of SCR's 
i | require special m@unt ing hardware such as the GE Press -Pak or IR "Hockey Puks", 
| Any surface finish of the heatsink such as ancateing or paint should be removed 
. directly under the SCR, and no burrs .or knicks may” be permitted under the mount - 
ing surfaces. Heat-sink# cooled by natural convection are designed to have 
their fins placed vertically. If the heat-sink is mounted horizontally’ or near 
other objects that might restrict the air oe or “heat the air, the heat-sink 


: ae must be de-rated: If several seni conanet ins meulecs are to be mounted on the 


T56 


Q_ 
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wame heat -sink 80 as to meena tn uni form pemrconductor temperatures, the devices 


‘cannot be. equally apaees ‘since as the air warms and rises along the heat-sink 


fins ‘the top of the heat-sink will not be. cooled as effectively, as the bottom. 
jae abiea eee made of a variety of ‘alloya, the pervewine material depend - 
= on the application. Gouna ig Srequently chosen Where the size (volume) of 
the heat-sink Ls important, hecnentua. may te “chosen where weight is a epriens 
beter: ALumi nun is usually chosen when cost is important. Aluminum heat-sinks 
are available with clean surfaces or with an anodized surface, Anodizing 
increases the thermal emissivity of the heat-sink with a thin coating on the 
aluminum. Painting an aluminum heat-sink with an oil base paint (any color) 
has about the same effect as anodizing sii emissivity, howeved, the paint layer 


acts as an insulator in oS of thermal One ieee the heat-sink gets rid 


of heat by a eeeot ee process, paint is inferior to a black anodized coating. 


If the pes eowiak primarily, radiates clare vacuum), paint may be used effect - 


ively. Commercially available heat-sinks frequently have clean, bright, sur- 
faces. It is frequently cheaper in terms of dollars cost/watt dissipation to 


use a. larger unfinished heat-sink than a smaller, more expensive, anodized heat- 


sink. 


Transient lieat Flow 


The fact that the- temperature of a device that is dissipating power takes 
some time to reach steady state becomes important ig fast pulse circuits (where 


"fast" means pulse times shorter than the time required tor the device to achieve 


-thermal equilibrium) and in cyclic processes where the power dissipated’ varies 


as a function of time within the eycle. Consider figure 4 - 5 in which the power 


dissipated as .a function of time is typical tor the SCR's in- the inverter cir- 


i 


cuits of the previous chapter.. Such a curve would result in the case of gonstant. 
‘ ae 


forward current through the SCR for half'a cycle followed by a half cycle of 


w 
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negligible power dissipation while the SCR is blocking. 


PRAK POWER 


POWER DISSIPATED , 


Pi. POWER 


a CALC. ere AVe POWERS 


? 


JUNCTION TEMP 


a, o™/ . ! PERIOD 
Figure 4 - 5 
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If the device were operated for a long time at the peak power level, a device 
junction temperature Ty could be reached for a given thermal system. If the 
repetition rate of the circuit is increased so that the period of a cycle was 
very short compared to the time required for the system to reach thermal stegdy-_ 
state, the junction. temperature would be TA as calculated from ons avers power 
dissipated during a period. For time see in between these hen and short 
extremes, the peak fanctioa temperature lies in between 7 and ce . In many 
practical situations, knowing just where between 7; and T, the actual peak 
junction temperature will lie makes a significant difference in the choice of 


an SCR or the components of its heat,-dissipation system. | 


Sy 
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The reas6n that some time is required for the thermal system to reach equil- 
ibrium or steady-state is related to the "heat capacitance" of the system.. We 
‘enea from basic physics tliat if we apply thermal energy uniformly to a piece 
of material (a "slab") that is thermally isolated from the surrounding world, 


¢t 


the temperature of the material will increase in proportion to the energy 


e 


AK = energy supplied 


supplied (Fig. 4 - 6). 


SE ; WY = power supplied 
a a t = time . 
APPLIED © = specific heat - depemds on raterial 
$ , 
TO tAS m = mass of slab 
z 
| ai AT = resulting temperature change. 
THICKNES® oft ; 
sand m = 8 A ax 
¥ . ey ¢ a ; 
S = density of matcrial 
A = area of slab 
dx = slab thickness 
Figure - 6 
The quantity cm = c@A dx = (€ where "Cc" is known as tie "Heal capacity" of 


the slab. Note that the temperature is uniform throughout the slab (steady- ° 
state or else k, the thermal conductivity is infinite). ‘The heat ‘capacitance 
has an analogy in the electrical system. Comparing the analogous quantities: 


© 


‘ Thermal. oO 7 BWleetrical 


H o= heat flow / + " J] = current flow 
‘ T = temperature | cr oad Vo eleelrical potential. 
Ax = 0 = “\hermal resistance —> R = electrical al tees 
kA 
t 
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Com therm Apsottance pe electrical capacitance 


“aes finde <car- AGNI digs CAV 


! 
4 


“AT+kfnae  —e aved (Tat 


> 


Note that, the equations are analogous term by term. We have nO’ only shown, that 


electrical capacitance is: analogous to heat a but that electric charge 
r] 7 “ 


» & ‘ig analogous | to nermek energy EF.” sieanig. analo ous ; does not mean “equal -to"! 


‘To model ¥ real cectciat, both the specific heat and the thermal conductivity 


* must be eonaidened. We must find a way to add together or superpose these two 


models. In the case that the slab is very thin so that the thermal capacitance 
and resistance are "small" such that the temperature variation across the 
8 Lab is still. compared to the required temperature accuracy, we make a first 


approximation as follows. Represent the thin slab as a three layer sandwich 


WZ The end materials have zero 


het capacity and have thermal con:- 
ductivity "k", | 


as shown in figure ho ~ 7. 


N 


SS by Bt ata’ \ | 
is represents material \ The middle material has 


of thickness Ax _ infinite thermal conductivity and 


has specific heat c, 


1 


. ~ @ & oe 
S$} - .. Figure -- 7 
~ t ‘ ae ; 


TL, and T 
ng a? | 3 


different, - Regarding: heat capacity, as heat energy is applied to the slab, the 


The rationale of..sueh a model depends upon 'T not being very 


» 


‘teitperatures change, and T, will change in a different manner than T3. If 7) 
and Ty are nearly the same, Ty will be some sort of "average temperature" of 


a. ¢ | - - | oe 160 | 
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the whole slab and will to a first approximation describe the variation of all 
three temperatures as functions of time as energy is added 6.08 removed from 
the slab. Also, regarding the thermal resistance model, if the temperatures 
are ahasiy the same, the temperature distribution in the slab can be modeled 


by two straight lines (from T, - Ts and T, - tT) to a reasonable accuracy. 


Furthermore, if T, is nearly the same as qT and t,, the slab must be close to 


2 oi 
its steady-state condition for the: amount of heat flow through the slab, and 
and thus the ama resistance model. which has haem, eonsidenea for spesays 
state is valid. 

Ts 


Because of the variety of temperature scales available (Celsius, Farhenheit, 


We must define what we mean by 't and T, being "nearly the same". 


1? 


Kelvin, Rankine) and the particular definition relating to freezing and boiling 


water of the commonly used Celsius (centigrade) scale, a per-cent type defini- _ 
nt, = T ‘ " 4 . b., 
tion such as a <« .05 is not very meaningful. We could compare the 
3 : 


temperature difference across a slab to the accuracy we require, for example, we 


b 


. : t 1 20 . . ig sare 
could fequire "T, - Ty<8 3 CG" where g is some tactor relating the error to the 


3 
temperatura distribution in the slab, but it is not obvious how 8 is to be 
determined. Thus it appears that before the accuracy question can be resolved, 
the temperature distribution must be found. 


In figure 4 - 8, the equations describing’ the behavior of the thermal model 


and the analogue of the thermal model are developed side-by-side. 


1GY 


were Re KA 


C= cgA Ar 
¥ ; ‘ . o 
_ KA END MATERIALS . 
H,= ~ gq (72-1) Tee (Va V,) 
Hy=-kA (Tye) Tas (Vs-Va) 
: CENTER MATERIAL (usiNe CONSERVATION oF 
ENERGY | _ CHARGE ) 
(BER (H HAVO SAIS NAS ETs | 4Q=(1,-I, )st=Cav, 
Figure 4 - 8° | 


If we are given sufficient boundary conditions, such as Ty and Ty as functions 


of time, the other parameters (such as Hy> Hy» T,) may be found'as functions 
of timé using the equations shown in figure 4 - 8, 
We again raise the question of accuracy of the model. Suppose that during. 


some transient process the temperature distribution in a homogeneous material ~F 
. 5 : . ; \, P 


‘ 
Y 


is given by the solid curve in figure } - 9. 


n 


‘<, <) . - oe 
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Figure "4 - 9 a 
The temperature distribution throughout the material might be estimated using 


the model of figure 4 - 8 as the upper of the dashed curves in figure 4 - 9, 


Such a curve might be sufficiently acquire for the purpose at hand. Suppose 


further that such a temperature distribution is either not sufficiently accurate 
or that we can't wee tell if the estimated distribution is sufficiently accurate. 


We can divide. the material into two thinner slabs along the plane AA‘. Because 


| the model is more accurate for each of-the new slabs (the temperature differ- 


ence across: the slabs is reduced), the total temperature distribution of the 

two slab system is more’ accurate (the lower dashed curve of figure 4 - 9). Con- 
sidering the electric analogy (Figure 4 - 10), we recognize that this subdividing 
technique is exactly the same as that used in making lumped parameter models of 


transmission lines and in.designing delay lines. 
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Figure 4 - 10 
/ 

ks the material is subdivided into thinner and thinner slabs, the accuracy 
increases and so does the work involved in solving 'the model. [In the limit as 
the number of slabs approaches infinity, the calculated temperatures distribu- 
visa. cpercadiies the actual temperature distribution to within an infinitesimal 
error e( the fundamental idea of integral calculus) .-’ A dsthot of approaching 

a desired accuracy in the vember Ture distribution would be to succeasively 
double the number of slabs. When the general shape of the temperature distribu- 
tion curve no longer changes significantly and hei the, changes in temperature 
of the various locations of interest no longer change eesiemee: eieded 
doublings, the required accuracy has been achieved. © This is the sana idea 

as used in determining how many terms of a mathematical series are significant. 
7 “Obviously,rit will not take very many such qoubtings of the number a 

slabs until the problem becomes ee complicated to solve. We sould utilize 
& digital computer to perform the calculation or we could utilize the idea of. 
allowing the number of slabs to approach inrintiy: The anpiienbion of calculue 


should give us the exact answer in a single equation provided that sufficient 


boundary conditions are known. We explore the calculus approach for two reasons.: 


TOY 
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If we know how much work will be involved in determining the exact solution, 
we will be able to intelligently decide where to cut off our many-slab models. 


: ’ » 
Also, ‘the technique we shall use to solve the problem exactly (separation of 
- 
” . . : a 
variables) is a general and often used technique that is worth reviewing. ,The 


i. 


"separation of variables" technique of solving partial differential equations is 


also commonly used in determing the characteristics of transmiasiga lines and 


“4° 


waveguides, solving boundary value problems in field theory, and separating the 


r 


* pime dependent and distance dependent portions of Schroeditiger's wave equation 


” 


? 


in quantum mechanics.: so Fas 
We pain the exact analysis by considering fhe a aaa analogy of 
PAENre 4h - 8. In figure 4 - 11, we consider a ¥en of the electrical analogy 


and shift our origin so that an “Te shaped re ried only be considered 


; a 


instead of a "?" section in-writing thé ‘LOOP, 


\ 


suvbkons’s f 
: icicle ied 


win ax) 
VI(XKtAr) 


rn 5 oe 
, “AL . 


rah €= + WHERE L.= THICKNESS OF MATERIAL. 
v(x). 
. ¢ 


i(x) = current at position x -*  - 


voltage at position x 


t} 


v(x + Ax) = voltage at position x + Ax 


a a 


i(x + Ax) = current-at position x +Ax 


Figure 4 - da 
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4 writing ofim's law for the elementary canes 

v(aran)~vin) = rani(r). | | Ch - 

. ; _ Writing Kirchoff's current. law for the node, 7 

mo Ulmer an) Cen) 9-4 an FESAAE . 

| _ Note the use of the partial derivative bo The partial is indicated because , 
the Ventare: visa function of distance and time, but the current into’ the: 
capacitor at position x + 4x sepedde only on the time rate of change of volt - 


Ny a 


_ age at that position. | _ 5 
Taking the limit as 4x approaches zero (implying the number of slabs approxi- 
mating the material whose total thickness is L is approaching infinity) 


equations 1 and 2 become: 
\ Y 


(0 (4 tar) ~ yo arin) a fica) 


and 
Lim, (Leap itad )= aif) ai(s) = em | 
- AxrO £ “SE ; (4 
Notice the a(x) term in equation 4 results from the fact that 2 (x + Ax) 


approaches ov (x) as Ax apprd&ches zero, ‘ 


Now that the quantities of interest in equations 3 and 4 are related at 
" the position x instead of x and x + Ax, we can dispense with the parentheses 


ae denoting locations. Thus equations 3 and 4 may be rewritten: 

oo + ; ; 
: QWVew — ri : CS 
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‘fo solve this pair of simultaneous. partial differential equations, we 


‘ “4, . : : . 
first eliminate one of the variables by a: so that we have a result- 


ing partial differential equation of one variabl We choose to eliminate i’ 


tee 


"and solve for v since if v is known as a function df x at any instant of Lime, 


i can be found from equation 5 by a simple matter of Baking a derivative. To 


= 


- €himinate i, first take the partial derivative of equation 5 with respect to x. 


a E a . ’ . ‘e 
| | 
Peer dh ¢ 


Equation 6 may be substituted into equation 7, eliminating a and yielding 


a : 2 = 
> Shs reese @ 
We attempt to solve equation 8 by a technique known as the separation of 
variables. v is known to be a function of both distance x and time t. If we 
can somehow separate v into a time variable g(t) (independent of x) and a dis- 
ence variable f (x) (independent of t) we would have two "regular" differential 
equations (as desea to a partial differential equation) which. we know how (6 
solve. We begin by assuming a product solution, i.e., that. v(x,t) = f(x) g(t). 


4 


In English, this statement reads , voltage which is a function of distance and 


time is equal to a function "f" of distance multiplied by another function "g" 
3 


of time, We begin with a product solution because of our experience in solving 


similar Pquations., in transmission lines problems. If the product solution 


doesn't work, we will try other mathematical operations such as v(x,t) = f(x) + g(t) 


r 4 ° . - bi 
or (x)/ (t) etc. We must take several partial derivatives before we can sub- 


stitute the product solution into equation 8. 


~ 


(at) = Fs) g (t) (9 


wo 158 
Substituting into equation 83°, 


. - ase ‘a 
gle) Bgl = ire £¢x) 


Rearranging by algebra; , 


gb RSM = re ghey Slt (10 


cnet 


a“ 


- Wm equation 10, {hewariables have been separated, that fa, the left side of 


the equation is a function only of x, and the right side of the equation isa 


funetion only of t.* In equation 9, a ghange jn x results in a change in f(x). 

It does not change g(t) because f(x) and g(t) are assumed independent. In 

equation 1O, the only way that a change in x and f(x) would not change g(t) would 
. : hee 


. : : 2 
be If cach side of the equation were equal to a constant, K-. Rewriting equation 


' “wT 


10; y ; : 
co - 92 _ 33 ag(t) , : 
Hy sae” = K* = rege Ae , | . 

or . : 7 . 
he AED) = x? : 1! 
(x) dt K 9 ( 

and . ; . 

ey Ups = K* | ja 

rE 5G) Ei K* | ( 

In, equations ll and le, since the variables have separated resulting in two / 


equations containing one ‘variable each, we may use the total derivative symbols , 


d fe | ne : ‘4, 3 rs) 5 ‘ 
at and ax eee of the partial derivative ayubons at and x | / 
: , ie * 
Equations 11 and le may now be solved with the aid of a reference on diff- 
; , ‘e ‘ 1 a 10" ¢ 
ferential equations af . must be a reg@l number sinc an 
erential equatio (ref 3) . egd | ee Fx. ; 


are real. numbers.in a real, physical situation. . Solving equation 12: 


2 7 | , | 
HOE ITO a 
g(t)= A ek/ra)t | : (iz 


> 


IGS ae aa eae 


‘ 


%* 
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t". os 


2 : % 
The constant K~ must be naé@ative or zero. If Ke Were positive, g would approach 


infinity as time increased, thus v would also approach infinity as t increased. 


This is physically ridiculous, therefbre; . 
my Ke £0 
"We now proceed to solve equation 11, knowing that Ke «<0. 
‘“ Cx 
af Ke fF = 0 
dx 
Ny 
2 
Tf. K # O, the solution is 
Be, a ( : . . a 
a f = + ‘ = 
; a ax b . (\4 
oe where @ and b-fte constants to be determined by the initiad, final, or boundary 


conditions of the proklem 


If Ko <O (K‘purely imaginary), the solution is 


« vi 


L (x) -=’a gin |K]x + bcos |[K|x _ 5 


whére again a and b are constants ta be determined by initial, final, or boundary 
—_ ‘ , 7 - q , 
conditions:.of the problem. Jt is now also obvious why Ke was chogen as the con~ 


1 


stant -in equations ll and le instead of K. , The value of Ke must. also be deter- Z 


- 


mine@ from boundary conditions and will in general be found to have many values. 


The temperature distribution according to equation 15 in a real problem may be 


expressable ass sum of sine and cosine waveforms (a Fourier series) giving an 
2 “ fo ; 
infinite number of lx]s and K s. Bach K will give another’solution to 


i 


—v(x,t) = f(x) g(t) = equation 13 multiplied by equation 14 or 15, and all such 
; , : ee aN 
solutions are’ valid. Because we have a Linear system (a resistor-capacitor net - 


work that. doesn't contain nonlinear “devices like diodes or SCRs), the principle 


of superposition is valid, and the total solution. may be composed by summing 


all possible individual solutions, Kxpressed mathematically, 


* 


PGG * «a2  s 
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| — 
viet => Figs (®) Gy, (4 


4] 
This DeSean is illustrated in the. following es The baata Javivation 
we have completed is valid for all one dimensional, homogeneous material, heat, 
flow-problema, The form of the solution would be different in a ayclindrical 


™~ : 
or spherical geometry, but the. method would remain the same, 


Example 
We wish to find the temperature distribution as a functior 
of time in a bar of homogeneous material. Originally the bar is 


at 25°C as is the large. heat sink at the right énd of the bar. 


Figure 4 =*l2° 


At time t = Oy the large ‘thermal reservoir ( a large block of 
copper for example) eer + contact with the left end of 

the bar. The temperature of the reservoir and heat-sink do not 
change significantly with time, If no significant amount 

of heat is lost from the bar due to radiation or convection (in a 
neal problem, we would have to estimate these quantities), the heat 


ic is one dimensional from the reservoir to the heat-sink and 
o. * / 


yo / 
our previous analysis can be used, / 


i. & 
Stating the initial, final, and boundary conditiong: 
o 
initially, T = 25 C throughout the bar; rinadty, 


in’ steady state ‘the temperature is linearly distributed 


apura eee aS ee i 
yer 2 Pa ’ 
os 
te 

A 
\ : . rT 
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over the length of the bar as shown in riyure h - 13, 
ace : 


«& 
a x " 
Figure 4 - 13 y 
This distribution follows as a direct result of the steady- 
state heat flow equation in figure 4-1. °° . 7 . ) mY a 
H=-kA SE H.= const: , STRADY STATE 
-dTe-hdx > Te -f x +B SO 
be. AT “20, T=/00° | | ; 
Ar xal, T#25 ° : . : 
“ass ~B,L+100° 
.% a - 7s 
Next we form the products £(x) wo 
VIUjt= (dort beac ge 
+2 Ay ee Coesslas cosik Ix)e 


Kk" Oo 
For the final steady state, the sum terms disappear because 


' 2 “ 
the fk /ra}t terms approach zero (remember K” is negative) as t 


approaches ‘infinity. We can now determine the constants of the 


' first earGe =< 0) of the series using the final conditions, 


T(%, 00) =Cox+do (Ao. 2Co, Asbe# do), 


Initially, T (x,t) was equal to 25°C throughout the bar. Therefore 


rc: 


ity - o@ ‘ 
25 =— Ley +/00 +z A ur Cerys sin Kix +b, coslkix)e 


or, Lumping A times a 5 and A | stimes b : together, at t = O 


a Ke. K 


- ee .. - 
254-755 Coys SINIKIX + Agr COSIKIZ) 
K<o 


17] 


® 


ue: Di ak, a er ae en ar = ee A ; me 
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We use the standard technique of defining a temperature eyclic 


in x and which uses the left side of the above equation as part 


- 
os 


of the cycle. Then the right side of the equation ‘becomes a 
Fourier series, The answer will be valid only over that por- 
tion of the cycle that the left side of the equation defines 


the temperature. 


ANY WAVEFORM THAT 
18 CYCcLic¢c : 


'4L 


x 
aL 
Te By -75 
“7S 
3 : 
: Figure 4 - 14 
: § . s v 
® Note that lx| = O has already been used. Therefore the wave- 
form we choose i define a cycle (L<x<4L) must have a zero 
average valué so that no de level will appear in the Fourier 
series. The waveform chosen has a symmetry such that no sine e 
a ° , , ae 
: terms appear in its Fourier series. Also, we can now determine 
the possible values of ae 
. ‘When x = 4L, the first cosine argument is 21. 
‘ . Ot 1 <3 og 
= = = -for the first term 
K TL SL. fe) e er 
9 
and 2 on ras _. 
K rail } 2 
tL . 
yrs | 
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) For the second term of ies series z ? 
“tg |] = twice as much as the first term = n/y | eo 
eo . ~~ 7 etc. ; - 


The Fourier series for the waveform shown in figured ms - 15 is 


well — ; . Pa 


Uz- Sy (cos xg cossx tz cos my 4 +Z5 COS 7X+° =) 


a 
, 
4 


Figure 4 - 15 


ea / 
Translating this Bony erOn into tgrms of our problem gives 


. . Z 
ee @@0 


Seo (Cn sin] k]x + dif cos|K/x d= = 
- RIFE (cos eve + ges iE) x te dp cos GE, 
tacos EE ya ++), 3 3a 


Y / 
i 


The values ore are: / 

TKI. KF | | 
F HE. \ 
F ec 

sO ete. / -.. 


We have yel to defermine the thermal equivalents of rg, 
j 


Te aes ¢ if analogous to g. . 
ae 
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SEERA ES SSSA OR RY POA ARORA RE SOE nee te RIS fi AIRE RER ES REE AN” 
i gee VPS eae See ee, lee 
oe ‘ oe mic Peta e 


aris a oe 
Lave ga et Wo ae wt 


; a 


ER ES 
a, 


c 7 C _ 
G= te is analogous to “porn 


7 rg = 0 C/ 2. 


at 


6 


subat tutng date hasta evncae ton Gon (x, t) = 
T2,t)=—-JEx +100 | : 

- BYE (cos $x) oF t + 4 (cost ete 

| tz (cos §T*) ett ty qq (COSS)E Wet... : 


Figure 4 - 16 shows the temperature distribution in the bar at 


vayfous times according to the above equation. 


INCREASING t 


’ Figure } - 16. 


It must be remembered that the solution of the previous example is only 


i 


"exact" in the sense that its.accuracy is limited only by the accuracy of the 


model (one directional /heat flow, no radiation or convection, perfect heat 


4) 


source and sink) provided & sufficient number of terms of the solution are con- 


sidered. The method of analysis chosen should also depend upon whether or not 


the more laborious model will in fact give more accurate angwers. 


\ 


(€) 
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Transient Thermal Impedance 

It is useful to devise another madel of the thermal system that is valid 
only for a particular power dissivated versus time curve. Such model has 
the advantage of extreme anmpiietty: Por example, an SCR may be used as a 
"static switch" in which a current ie turned on for a short period of time, 
Assume the current waveform and the power dissipated in the SCR are as shown 
in figure 4 - 17a and b. The SCR Junction temperature is given as a function 
of time in figure k - Ve, The transient thermal impedance "e," is commonly 
defined as the ratio of the maximum temperature #ixe to the power dissipated 
or | 


: = = c?) yy _ ’ 
P . a Tax .  biente 


, 


Pdissipeted = Veerward x 
~~ 


b 


“A 


; 


Figure 4 - 17 
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The transient thermal impedance defined in this way changes as 8 


Mmetion of: the time "t" the power pulse is applied. If +t is very short, 
f 


Ce is small. | As t becomes long, 0. approaches the a thermal 


f 
_resistanae, | Figure 4 - 18 shows @ typical. plot of 8. vs t:for a square putse 


of power diasiipated a an SCR. Because we still have a linear system, the 
change in temperature is proportional to the amplitude of the power applied 
in the same time interval so that to a first approximation @ is not dependent 


upon P, 


STEADY-STATE @ 


SCR RATED FORWARD 
CURRENT ~ JOA 


0.00/ SEC. 400 7 10 $# 
Figure 4 - 18 | 


summa ry 

In this chapter, we have a two basic thermal properties of materials, 
namely , therma. 1. eondiiee wiky and heat capacity. Thermal resistance was intro- 
duced as a convenience in solving heat flow problems related to SCR heat sink- 
ing. In addition, on the basis of empirical evidence, it was found that heat 
sities which cool by processes of eonveeuion and radiation could also be said. 
to have & thermal. resistance. . 

Thermal capacitance became a useful concept in the consideration of tran- 
sient temperature distributions in thermal conduction problems. A material 
conducting heat was modeled by superimposing the models for st cadyentate heat 


conductivity and thermal capacitance ( called a “lumped parameter model" 


ad 


vy 


. oO. 
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because it was composed of blocks of "ideal" materials). It was then argued 


that the accuracy of the transient model increased as the thickness of the 
. material being modeled decreased. Accordingly, thick materials were subdivided - - 


“into larger numbers of thin slabs. The electrical analogy (developed alongside 


as an aid to gaining insight into the thermal behavior of materials ) to the 
thermal model suggested a standard. mathematical approach in which the thickness 
of each slab could be made to approach zero and an exact transient solution to 


transient heat conduction problems could be found. An a one dimension 


cheat flow by conduction problem was presented to indicate the amount of effort 


involved in calculating an "exact" solution. [t was intimated that in a three 


. dimensional heat flow problem, the difficulties and effort involved would drastic- 


ally increase. This required effort gave rise to the notion of transient thermal 
impedance, a simple empirical relation between power djssipated in the device 
and temperature rise for a specific dissipation waveform. 

This chapter has introduced two more kinds’ of modeling. Modeling by analogy, 
as exemplified by the electrical analogues of the neal properties, and super- 
position of models of different Linear plenoncne, ae exemplified by the develop- 
ment of the Lumped parameter model of transient heat flow. Jt must be remembered 


that superposition is only valid in linear systems (in which output is propor- 


tional to input). 


7" ; | x 
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* ; Exercises 


two blocks of aluminum, A and B, are thermally’ insulated from their 


surroundings and each other. Block A weigha 5 times ag much as block B. 


Block A is at a temperature of 100°C while block B is at a ‘temperature of 
20°C, If the two blocks are brought together (touch) while they are still 


ingulated from their surroundings, what will be the steady-state tempera- 
; ® 


ture of block A? 


two electrical leads (#14 copper wire) extend into a vacuum Dewar (thermos 


bottle) as shown in the figure below. ‘The upper ends of the copper wires 


are at room temperature. The lower ends of the wire are in liquid nitrogen. 


How much Liquid nitrogen (in liters of Liquid N,) evaporates per minute due 


‘to the presence of the wires? Ih jas®c| TERMINAL BLOCK 
WIRES 30 CM. LONG | 
=o 


VACUUM BOTTLE 
Problem L 


In the design ot’ electronic instrumentation for use in the deep ocean, it 


. 


is trequently necessary to protect the electronics from the high pressures 


6 ‘ 
occurring in the ocean depths (5,000 - 15,000 psi). One exceptionally strong 


instrument package for these purposes is a hollow glass sphere. ‘The sphere 


is composed of two hollow hemispheres, ‘The high pressures force the two hemi- 


-spheres together, slightly deforming the glass into a perfect seal: 


4" 


glass thickness = 4 inch 


12” 


sphere diameter {outside 


measurement) = 12 inches 


Problem’ 2 


X 
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If fhe electronics package inside the sphere dissipates 100 watts, and 


- . a ‘ 
the outer surface of the sphere is at, the ambient temperature of the deep, 


o 


fe) . 
ecean (OC) what is the temperature at the inside surface of. the sphere? 


Assume the heat flow is uniform over the surface of the sphere. What is the 


maximum thermal gradient (in °c/em) in the glass? A 


: whos 


If the thermal gradient in the glass becomes ‘too large, the thermal stresses 
caused by the thertal gradient will cause the glass to crack. ‘Of course, the. 
glass can sustain much larger thermal gradients when it is under pressure, ‘but 


there still is likely to, be some maximum allowable value. Recall that in tran- 


\e a °° 


sient effects, very large the Ngal gradients can exist before steady state is 


¥ 


established. If.the electronics inside the glass sphere is brought up to power 
slowly, the transient thermal gradients can be minimized. How slowly sheule) 


the electronics in the sphere be brought up to full power so as not to put undue 
Rn ‘ . : " y 
thermal. stress.on the glass sphere? (Please answér in terms of seconds). 


— 


Explain your reasoning! 4 
Thermal conductivity of glass = 0.002: calories/sec through a plate 


2. 
1 em thick of area 1 cm with a temperature difference of 1% 


ba e 


across the plate t 
Specific heat of glass = 0.117 calories/gram ros 


Density of glass = 4.0 grams/com>, (rf. Handbuok of Chem. &-Phys. ). 
1 r | 1 


ian t 
( 
‘ , : 


+ 


A power transistor (a heat source) is locatéd at the center of an aluminum 


disk. The outer edge of the disk.is in intimate contact with a salt-water 


cooled surface such that temperature measurements at. the edge of ‘Lhe disk show 


+ 


a : 
a constant temperature of OC (within experimental accuracy of - 1/2°c) for the 


thermal power range under consideration. The transistor is mounted tightly on 


‘ the gluminum disk and has an "et'fective" diameter of 2 cm. That is, the plate 


\ ee ae : 2 


a 
oe 
: 
“*y 
i 


on. 
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“oan be said" to have & uniform temperature in a2 cm circle directly under 


the transistor. - . 
ye & of 
WATER COOLED . od . a 
SURFACE . Of¢ ALUMINUM 


~“Biek 
“DIAM. 
1OCMm 


Opie THICKNESS: 
1.0 CM 


-FRANSISTOR  . 


4 


As a first try at analyzing the thermal properties of this system, we 


shad represent, the thermal chagacteristicd: of: the disk by cur familiar resistor- 


capacitor analog. e : oe . eer: R _ .  & , am 
; ‘CENTER | OO” os EDGE 
‘ / i. ‘ 
ss | ; | re 
Knowing that; = i > se eS ee oe 
thermal conaustivity of e.Luminuin ia - a : ‘ 
os “0, 50 sal through ‘a plate, 1 cm “thick with areas’ 1 aq em for a 
temperature difsereitce of: lege ra Co ae 
a . : 2 ee eg ; ‘ 
specific: heat of altminum . : oo — a a 
oe 0.2185 cal/gram’¢ -_ oe 2 
density of. aliminum =.2,7h grans/cp'f - : o 
ad triat 1 cal = h, a Joules _ ; . a * a 
1) calculate one a pkopelate: values of R and e for our ‘abbot : = _* : 
2) calculate a ney R "and c if the thickness of the disk‘is only 0.50 « cm, 
eg : ‘ 
4 : . . | 4 : 
" : | : er ,* . 
Pia te Telus 5, : 


my 
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3) Assuming a. -junction-to-case. thermal. impedance for the transistor of 1°o/att 


- and a case’ to disk impedance “of 0.4°C/watt find the steady-state temperature 


e 
of the junction if the transistor dissipates 20 watts. 


was 


aX : 


. ‘ . P ‘ 
4) Find the temperature distribution in the disk to within =1/2°C 1 second 


after the nei ene is "turned '‘on." 


o 
at 


Laboratory Problem 1 a : 


We have a number (about a-dozen) of 35 amp, 500 volt SCR's mounted on heat- 
sinks aes student, use in the laboratory. Several of these SCR's have failed 
recently for unknown reasons. A cursory inspection of the SCR's shows eee ney 
are not mounted on their heat-sinks in satendeacs with the manufacturer's spec- : 
ifications. We must decide- whether remounting the SCR" s is worth our inoublies 
Determine the maximum getings of the SCR as presently attached to its heat-sink. 
Please do not dectueyrany none ScRs. | | 


F ~ 
\ 
. ‘ + 
* . 
“ . 7 . r 
>» « ‘ . " ; 7 v 
. . * 
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Laboratory Problem 2 ‘ x 
A 35 amp, 500 volt SCR is to be used in &' single pulse generating cireuit 


is shown in the following figure. In order that we can relate the maximum 


f 
ry 


current I to the firing angle, debermine the transient thermal impedance of the 


. i : oO O 

SCR-heat-yink system for 0 < a< go’, 

: a 

| ; 
| 


» 


a 
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140V a or oe : ‘ 
AC T=0, AFKER | 
LINE Ne PULSE. a 


oe 


CURRENT WAVEFORM | - 
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1 
i ? ? 
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oe 3 
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‘thapter 5° A ree-wheeling Diode DC Motor Drive 7 
' ; ; : oo La . u 
‘ , ° : - ‘fh ry 
Introduction “a ® , . i = 
v neocon acne we Py 
= : ol es : & ra : tos oY ac 
a en this chapter, we consider a simple but efficient motor controller? 
. ' 7 aes 2 iy . . ' wo 


The methods use in detertri ning the steady-state behavior -of the circuit yare- 
| the same as‘ used in Chapter 3, but thé: analysig is slightly more complicated 


by the motor and mechanical load properties,.’ The calculation of a "turn-on" * 


4 


or speed-change transient is considered: for ie of a non-linear Load , ° 

characteristic, -The non-linear system equations are solved by an iteration 
_— a Rare: i 5 . : 

technique, and the model of "quasi -steady-state" in which some system quantities & 


can be assumed’ to be ‘in steady-state while other quantities are ‘considered QS. 


ed 
; ) undergoing a transient.is introduéed, | ; _ | 
’ 2 | im 
=o rere 
: Fuge «wheeling Diode Circuit 
; The circuit under consideration is shown in figure 5-l. This cirduit is 
frequently réferred to as a "chopper circuit" because the action of the\SCRs . i 
id to "chop" the direct voltage into a series of voltage pulses. ; 
: .v _ ’ ; 
SEPARATELY 
EXCITED 
x ’ 
\ 
\ “f | 
A e ee Ge, « \ 
\ MECHANICAL 
A a LOAD. 
— CPROPELLER) 
Ve , nn. : : 
“NY | _ 
it ‘ 
re ; 
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_¢ 
t 
4 


\ 


e 


tog” 


at 


17h 
That portion of the cireult enclosed in dashed lines can be recognized as the 


burn -off circuit for SCR,. The basic idea of the circuit is that scr, acts 


a 


* as a simple switch. If the switch is closed for a long fins, the motor will 


reach the maximin steady-state speed determined by the battery voltage , the 


mONee characteristics® and the mechanical load characteristics. If the switch 


‘ eanains open, the motor doesn' t turn the propeller. If the switch is alter- 


‘nately open and closed in a,cyclic manner, the motor will run at some speed 
a ae : : t 


in between zero and maximum. 


The circuit is basically an efficient circuit since. eneete for winging 


‘ resistance ang the forward conducting chatacteristics of the SCR and dtode, 


there are no @issipative elements in the circuit. ‘The inductance IL aprnerudine 
Whe armature inductance of the motor) tieintains thé armature current through 


, ts not conducting. Thus: the motor tobque (proportions) to 


the armature current.) is smooth in time rather than pulsating, a aor desirable: 


“4 


diode D when SCR 


“teature. This ad is most often used with a ‘series wound motor rather chan 


a shunt wound motor. In such @ case, L 9? the series ° ote beducvence is suf- 
ficiently large ene an additional external inductor ' ie not usually necessary. 


However, the shunt motor is slightly easier to ae in the. circuit, and s0 


the series motor problem is left as a home exoblem at the end’ of the chapter. 


~ 
w 
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Modehing the-Circuit #1 - Steady-state oe . ites 


he = and its turn-off circuit is modeled as a simple switch as sHiown 


in ehagire 5 5 - 2. In actual problems it may be necessary to consider whether oo, 
or not the capacitor devivers sieeteant energy to the motor during ‘the dis - 

? ' . 
“charge part ‘of its cycle, however, this additional consideration adds airtieulty 
without being particularly instructive. Therefore, for the sake of brevity’ 7 eee 


(the sencuiweien is not all that hard) we shall assume the _turnsoft circuit ‘has’ 
} 


r 
, a significant effect. on the operation of the chreult other cal to turn-off 
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SCR,- Likewi/se, we neglect the forward conducting voltage drops acrosk the 


SCR and diode in all the models of this problem,. and we assume no reverse or 


blocking leakage current, 


Figure 5 - 2 


As a first try at analyzing the circuit, we make some assumptions known 
: _ ‘ to be incorrect, but helpful. — Assume Lo is so large that I, can be considered 
| constant and aang the inductor winding resistance and the motor armature 
- : resistance are negligibly small, inees asaeion: will be relaxed in aueceedis 


ing models. Also, if the switch is opened and closed frequently enough, the 


inertia of ‘the motor ‘rotor and propeller will tend to keep w, the angular fre- 


~ 


_ ‘quency of the shaft rotation, consbant. The motor armature voltage "EF a? which 


a“ 


‘ys dg _ equal to ‘the et La if the Weush drop and armature winding 


resistance are negligible, is proportional to the field flux aaletpiied a the 


angular frequency of Exe es dee. 


, 


. . 4 F Va K bw (1) 


where k = constant of proportiohality. “Assume 


- hee the flux. for the shunt machine is constant, thus neglecting ar re 


8 : . ri ; 


‘eaction and Sheet a constant field current, We also know the armature 


: current is oposn ional td the motor haiane multiplied by the flux. \ 


- : 


in te t . . 
i k vr. | | (2) 


2 


where T = PRO torque. “* 


\ ~ , ee 
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Note that k' is notnecessarily equal’ to k because in Mnearizing the non- 


linear motor characteristics, neglecting losses, and peg lect.ing armature rea ‘ton 
er . 


(calling » constant), we have neglected motor characteristics ‘that are not gli- J 
gible. Actording Ly, k and k' are determined by a west rit" approximation to . 


empirical motor data. Usually, k. aad - aitter by. only a few percent for common 


motors exceeding a few horsepower. 


, 
May 
ad a 


The motor load is indicated a opeller, To a first approximation, we 
then expect) the torque requ Sdfive the propeller to be prdbortionl to 


the square of the angular velocit 
; 4 . a 
ros ao ; (3) <= 
where a = peopontlonsl tty constant. ; 
If the motor is properly "matched" to the propeller using 8 isShpntead matching 
device (gearbox), the motor will deliver its rated torque at the rated motor 


speed a0 that, 


re Li 


Digression-Common Motor Loads 


The steady-state torque-speed Characteristics of many common 


' motor loads are casily derivable from the elementary principles of’ 
mechanics. Provided the losses of the ioad are negligible, it is 
{ 
aeusiiy possibile to avoid an analysis of the load mechanism in detail rs 


and ‘consider only the basic intent of the load device., Such estimates 


° “are more valid for. large power capability systems (stove 15 hp.) than 
" for low power capability systems (fractional horsepower systems) _ 


becduse at low power levels, ifis usually not practical to spend the 
+ a ee ; A oF ' 8 ° of 
a s ws ‘e \ es : . 
Tate : mu a 2 Ee ® 


extre effort anf money required to manufacture a "low-logs!’ device. 


. ‘y t 
A series of elémentary examples of torque-speed characteristic c, 
. ‘ e , . , - big 
eatimating follows: | aa ; : 2 | 
,  @¢ (AO2 ANGLE SHAFT ROTATES IN 
Pe USTe eter | LIFTIW@ MLEVATOR AMOUNT dx 


ae 


A : : 
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MOTOR PRODUCING TORQUE “T" 


$ 
¥ : : J 


du The ‘een ey wee done in ragsing dis 
elevator =\work delivered by motor. - ‘ 

a Fax = Tae 

Powel "p" = rate of Jove work ' | 


de 4 


P= F x = ae = 75. = Fo 


Ss 3 " ? = P(t) constant ‘depending on the gear ~ 
w . 


oa - , ratio and drive winch size. 
_ oa . : r ~ 


= q F, a constant : 
* ‘Phe ghunt-excited enerator es 
. : . ote 2m aye % 


. Generator equations 


N 


.- 


‘EB o= ko — 
T = .kt¢I 
E = &R -_ Kou ‘ 
‘ 4 . : I : T/Kto 
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The propeller or fan 
oe control. volume 
‘ \ of fluid 


Consider a control volume of fluid 


a6 having a negligible velocity when entering 
/ | the propeller and having 4 high velocity 
"vy" when exiting the propeller. 
Change in kinetic energy " atptof control volume = 4 mv" 


v is proportional to y 
¥ 2 
«? QAKE = Cy 


‘ 
wv . 


The power "P" delivered by the propeller is the. rate of change of 


energy with time | 
: Pe “ where At is the time required to change the energy — 
of the control volume, . 


At is inversely: proportional to w since more control volumes per 


unit time pass through the fan as w is increased. 


2 
Cw 3 
Thus P = Cty = @W e ’ 
3 
Since P = tw = QW, 
: 
T =4¢ - , & quadratic relation. 


‘ 
4 . é 


We make our first try at finding the steady-state ‘speed, ae » and 


voltage using-the same “averaging over the cycle" technique used in the inverter 


+ 


circuits, thereby eliminating the inductor in our equations, 
« 8 = , te 


«4 d * 
- % 7 yt yy (4) 
On 0 TT 
1 _ i 2n i ) 
ae IY 0 = ae Soe + oe Jy 8 (5) 
oo a 
tes \ 
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Since ee to speed (equation 1), and we have assumed a constant 


speed; Vv. is constant. 


Therefore, 


1 en Q 
d x 
By f Ya "a 
Oo . 
The v, term is only slightly more difficult to evaluate. Referring back to 
figure 5 - 2: when the switch is closed, vp = 3 when the switch is epen, 
os . . u m 


es flows thrdugh the diode which must be conduct ing and Vy = O. Define ae 


‘(figure 5 - 3) as the interval the switch is closed, 8 as the interval 


off 
d 
’ 6 ‘i é 
the switch is open, and g = a aT as the fraction of the time the switch | 
ff on 


is closed. 


Figure 5 - 3 , ‘ 
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Tt is clear from figure 5 - 3 that 


Since 


Oon * Gots = 277 | 


mf Wp do=e loge En Gon = 9Eb 


Substituting into equation 5 yields 


gE. = 


(6). 


Knowing the armature voltage va? we find the speed using equation 1. 


w= Ye = Ep 3 Y | (7) 


Knowing W allows us to determine the value of Tn us’ g the motor torque 


Gquation (equation @) and-the load charactenistic a ee 3): 


cs k'fI, = 0G)" | ; . 


T= Shon y= gE  @) 


“Modeling the Circuit #2 - Stesdy-atate 7 


As the first “refingment™ of the calculation we choose to-include the 


’ 
»™ 


s+ 


Bed 


effects of the winding resistance of the inductor and the motor armature: 


resistance. The motor brush voltage drop and the SCR and diode forward vo ltage 


drops could also be included at this pdint. We redraw the circuit model as 


shown in figure 5 - hk. 


Note that the motor -armature resistance has been included 


- 


with the winding resistance in one Lumped: "R" just as the armature inductance was 


included in "ZL". 


a 
“4a 


“tabular manner for convenience: 


MRO SPE ee Ses 
a a 


ar 
5 . wt Ae 


Figure 5 - 4 : Pa 


We retain the assumptions of constant current 1, and constant speedw. 

—— . 
We could rewrite -Kirchoff's voltage law araund the diode-inductor-resistor-. 
motor loop and average as before, arriving at new (and slightly more complicated) 


general expressions for Va? I, and 4 If we were interested in Var Ws and ri 
‘ 


for only a few specific values of g, another approach would be well worth con- ’ 


ow 


sidering. 
We have already calculated a first approximation of va? ws and La using 


model #1... We could make a next approximation by -using i” as previously calcu- 


lated to determine the I R voltage drop (a constant because t. is.constant ). 
a s 


Subtracting this dkop from the average value of ‘ yields a new value. of Lae 


ar . 
amr Upd@-~TaR =9JEy-IlaR = Var, acy 


The new value of ¥- (now noted as v ) ean be used to determire, a new» Wy and 
a 


al 


i 
then a new t L* fee in turn can be used again to recalculate. again new 


values of Va? Ws and 143 When the variables no longer change significantly, “ 


the answer has been found.- Such calculations are frequently performed in a 
; . ‘ [a 7 . 


+ : . 7 
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Vay * > @e ; 
j 
This method 6f calculation is called an "iterated" calculation and is a a 


quently used method in digital computer calculations. However, in many pape 


tical problems, sufficient accuracy may be attained after only one or two, 


iterations; and if only a few values are required, the iterated calculatin 
may be a significant "short cut" even for hand calculations éompared to spl- 
\ . ! 


a 


ing the more complicated problem “in general terms. 


x *:, 
he 


Modeli the Circuit #8 - Steady-state 


As the next refinement we shall let I, vary within the cycle provided I 
In 


dogs not go to zero (although it may approach zero arbitrarily closely) 
thig way we avoid having to break the time interval into more than two "pieces ’ 


sSxeeaoonding to he switch open ang. closed. We retain the assumption of con- 


stant speed (que to the "large" inertia of the motor-propeller system). We 


first question the von of our previous apfalysis. 


Returning to cies circuit models 1 and 2, since speed is constant, a 
¢ 
determination of Nie (table) hag the same validity. Since speed is proportional | 


to v, (equation 1), the determination of w is also still jenae (equation 7) 
However, the pordus relations (equations 2 and 3) are only valid if inertia is 


ignored, and we have a alee that w is constant ony ecaune of inertia, I 
ya ° i 
‘a 


varying. We must Keceanins the torque relations. 
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peller allows ‘us to define a motor torque T as applied to the, armatpre by : % 
: the electromagnetic field interactions in the motor. Thus the torque rela- ae 
: 1? 
tions become (refer to figure 5 - 5).— ee 
7 i {fs 
: i 
T = k'¢T' as before, . 
a a 
and 
¢ a 
. (9) { ; 
Z ce 
‘AO)* TORQUE 
e : DELIVERED TO 
Preuce =) . : PROPELLER 
( , We o Liminate the torque T from the equations yialding 
ae Sie es dw 2 - 
| ’ k oly ig) aL - a wy : ; 
Nolte thal if we average over arcaycle, the Ie torff must disappear, since 
, , : 
beeen cise & cycle : ; + 
pf Pde = ef de = bU(wy-We) 
Oo. \ ' Yo . mn % 
\ "and QO  ® must be equal to zero in a steady-staté cyclic. process. 
Therefore, 
Is pe 
0 a 
: oe 
f 
° or ; “ x ie . 7 
la Da avg ~ cs a (10) 
which is very similar to equation 8. ; ‘ 
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Define J = moment. of: inertia of the armature, gearbox (if any), and 


propeller. Lumping the moment of inertia of the armature in with the pro- . 


1923. ee 


. # Py a ~ 
, : ‘ ; 
t ane 


18h . - \ 
Digression : 

- oe ry a 

- | Note that we could not Mave argued that J aE 1s negligible 
because w is constant. w is constant because J is 80 ‘large, there- | 
fore JL at dt. 


Do were negligible, te would be constant which contradicts the assumption * 


WS nay be slant ficant despite dy being “small”, Also, if J duy 


. . 
: 


of le vanying.. Since we are using this argument to- determine I» assumf! 
w 
_ing'd : negligible would?be a contradictory and therefore invalid on 


Lion. 
! 
; ! » : 
We have shown that model #1 retains its validity if the average yarlue of 


x 


armature cf }rent 1 swe is substiluted for the previously constant value of 
i 
Lae Furthermore, Since : ‘ 
_ T = 
is : 1 ; 
- it = = oat ¢ ' 
: J v ab ae Re Lay ; < 
. that ts,. ° ee \ 
RT oy , all. the 
: ave R ave Y 


. e * 

arguments pf model #2 are also valid. Thus we begin model #3 knowing 
v , w, and T ty 

a & ave 


‘ 


r “ . : . . 
We must yet find the instantancous values of i 


Writing Kirchort'ts voltage low around the diode-inductor-resistor-motor 


Loop of figure 5 - 4 yields 


ae _ “a 
—— + 


= T, as : 

"D hae Ds ‘a (12) 
Fquat ion il is really two equations: . oe = 
switch opep, Vy) = ° 

at, ; . 
F + KL ~ F = 0 . 7 
, gil ee: (12) - 
; where v, is known from model. #2, ; 

and ° . ; 
= fod 


a * 


Switch cloged, YD = KE, . 185 


NOY " A Cn (E> %) = 0 (13) 
: . : * 


. Le 
where KE, will be larger than Ya still known from model #2. 


“b 


+ 


\ 


’ We still also have 


‘ 


_ I = number known from model, #2 for the chosen value of g 
& avg aie \ 1 (14) 
7 , 


We must find a way to "solve! equations 12 and 13. As we git see, equation | 


- 1h will provide a numerical check of the solution of re 


4 


The solution of equation le is 


; R- 
Vv ae 

I = — + Ce 

a R 
t , 
where C is a constant Yyet to be determined. . ‘ 

The solution of equation 13 Is 

> Vg) ae. & 

a 


where C' is another constant yet to be determined. 
? 


Changing the variable t into 6 (refer to figure 5 - 3) knowing that a = . 


’ e 


where t = time the switch is open plus the time the, switch is closed, we have: 


switch open, 6) < 0 < Qn 


Tee Yer cote ; | ; (15) 


, 
and 


switch closed, 0 < 6 <6) 


Ta= ~ (Ege te) cet O “ 06) 


an 


The inductor prevents ] from changing instantaneously, therefore 1] ‘is a 
_ a : a 


continuous function of time. At 84> when the switch opens we must. have 
; 1. 


(a7) 


& 


T, (equation 15) =. ly (equation 16) at 0, 


Also, se we are in the steady-state of a cyclic process, 
s 


° : ; @ 


186 ' 
Ta (@) = Ia (O+2T) | 
or, : 
ig (@=0,e9n./6) =Ta(@22N, egn./S5') (18) 


Solving these equations, we first substitute. equations 15 and 16 into 


equation 17. ° 


~X% Be _ acta @ 
: ar iui ie -VU ? 
ete T == E a +C’e EF i] 
or, rearranging the terms by algebra, 


She +E 2 Or on 


bs (19) 
Next we substitute equations L5 and 16 into equation 18. ; * a 
7 roe a ~YR/L if 
-(Eg-Vo)+¢ = Yar ce ao | 
; or, rearranging the Lerms, : . ; 7 fe 
: J 7 ~~ 4 ane & “th , . 
y ib — Cc Ce ; (20) 


Equations 19 and 20 can be solved for ¢ and.c! ytelding 


| _ — £4 (e@EO - a 
| <= Ca eCancaee — 


and 


« The values of ¢ and ct may be substituted back into equations 15 and 16. We 


\ have found ie as a function of time. Vor a given time duration of a cycle Tand 


a valuesof the conduction angle oan = 0 we could plot Lo as a function of 


® as in figure > - G. The average value of 1 as calculated by averaging I | 


v 


from equations 15 and 16 should be compared with the average value of | 


(equation Lu) dr determined trom model. #2, checking the calculation. 
= a ; t 


¢ 
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e200 6-6, @+27F 
Figure 5 - 6 


Modelin the Circult - Steady-state 


f ‘ 
“As the next and final refinement of the steady-state model that we shall 


consider, we allaw the motor angular spded w to vary within the switching cycle. 
Again, we question the validity of our prevaous models. , Returning sto model #1 
which neglects all resistances, bul -letting wvary, we see that the average 


. voltage across the motor armature is still known, 


‘Vp average = Vv, average 
Referring to equation 1, that is 


1 = k pay 


: Vv, i8 no longer constant since wvaries. 


However, knowing the average armature voltage allows us to determine the average 

ie ot A 
Deeds ; 
L ar ar : 
apf: Ua dO = Va average KE f dO = kb Orverage 
° : 


Thus 7 


\ Waverege = Veageraee ‘= 4A a 


) : 197 . . 
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However, in determining the current, we have some difficulty, from equation 9, 


<« 
a 


that is, 


| _ k'bl = a t+ ae . 


we see the current lg on Ww lf we Bry to average this relation, we 


have ; k ‘of a de= k’oéla averes* 


; hae? = adn f wda+ Ish /D 


= A (Wrms J 


Thus the average current l is proportional to the mean-square of the speed w 


’ 


There is no way to delermine the rms or the mean square of w if we only know 


the average value ot gy. The relationship between these quantities depends on 


x 


-the specific waveform involved (recall that tor a sitfe wave, v = ,7O7 v : 
: , rms peak 


Vv - ot for a tull wave rectified sine wave, v Vv Vv = ,636v ; 
aug : > "rms nee nears aug 38 paw 


Because the AV CRALSE eurrent cannot be determined, the methods used in 


e 


model #2 cannot be used. There is no way bo "adjust" a and w unless the average 
current is known. We shall have to apply the techniques, used: in model #3, namely: 
write the system differential equations, Impose the conditions of continuity, of ° 


a current and/or speed, require the variables to have the same values at the begin- 
\ “ 


ning and ond of a sleaty-slale cycle; and then solve the resulting equations at 


‘ f. 


the appropriate instants of time (or 0). 


: * As a matter of convenience, we rewrite the system equations: 


Vao=kGQ — t Q) 

Tek'¢le ; 8) 

Te vie + AG)? = 
switch open 

Ldie+RI, +%,=0 7 “(10) 
switch closed 


‘L dle + RI. Ey -Vs. )=9O . (13) 
- Tog 


QO : a 


— =." 23, = 


Qo 
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I, is continuous at ale times 9 = 8 | : 


1 
and 6= 0, 2n 7 —(B3y . 
I has the same value at = 0, 6 =2 (2h) 
and/or . 
u is continuous at switching times 9 = 0 : 
and’ 6 = 0, ow | oo : (25) 
w has the same eaiue we O= 0,6 = 2m. _ (26) 


\ 
e 


-We choose to solve for qr, as & function of time. Eliminating the torque 


T in equations 2 and 9, 


a 


Ker, = JS + aw, A (27) 


er equation 1 to eliminate v, from equations 12 and 13 gives: 


. 


switch open ma 
a qo ns ‘ } 
L a + R It &k $w-=0, and | (28) 
switch closed : 
d I, 
ie a aS (i, -~kow ) = 0. (29) 


If we now substitute equation 27 into equations 28 and 29 in order to 
eliminate w, we would come up with a set of fairly complicated non-linear , 
(squared terms ) differential equations. For example, simultaneous solution 


of equations 27 and 28 xi ( 


Lae +R dle -~ Fhe Ge) - ao dle + kL. | 
- Her ae - =O (30) 


sjarccaap tiered Aleit equations, are frequently solved on an analog 


computer although a digital computer could also be used. Obviously equation 


29 will yield an even more complicated expression. The analog computer can, 


» 


simulate both’ expressions (30,and 29 ahd 27 solved together) with the appropriate 


« 


switching functions. The solution, even using -the computer, will be time and 


effort consuming. It is worth noting that if we had approached this problem by 
ns ” = ; 


2 


99 
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190 : 
writing down Lhe system cquatians and solving as indicated In model #4, the 
, ewe Latively "easy" solutions of médels #1, 2, and 3 would not have been dis- 


covergd except by & great expenditure of time and effort, even though those 


modals may be valid in thé particular physical situation being considered. 


Transient - Cyclic |]teration 


The StLartin 


ie 3 
“4 


Assume the motor is to be started hy cyclicly opening and closing the 


a c 


switch (gtill representing the SCR circuit as a switch-as shown in figure 5 - 2). 


4 


\ 


The starting eurrent transient is importarit because the peak current determines 


' f 
the peak torque applied to the motor rotor (whose windings could be damaged by 


excessive torque) and because the motor circuit protection equipment (such as ; 
. a 
overcurrent relays) must be set to accommodate the peak current. Large armature 


currents could also damage the motor commutator or if of sufficiently long dura- 


» tion, cause damaging Jucal heating in various circuit clements. Therefore we 
‘ 
choose to analyze the starting current transient L(t). 
Mxperience in starting DC motors tells us that the circuit resistance 
plays a non-negligible role in limiting the starting current. Hence our analysis 


must consider the circuit resistance} .the variation of T and indirectly, the 


\ 


vardalion of  w, We migsht be tempted to write the system equations and solve 
2 them starting from the initial conditions le O, w= O. Recall from model #4 


that the resulting differential equation is very complicated and now the problem 


8 


is even worse. In model #4, we had only to determine-I, during a single steady- 
ro. ; 
state cycle. In the present transient problem, we must find um during each 


cycle of a transient lasting possibly many thousands of switching cycles. While: 


Le eed ’ 


it is possible that such a detailed calculation is necessary in certain specific 


cases, we consider some of the situations in which the transient solution can 
' : : 


w 
Y 


be simplified. 


? Suppose w could be considered constant Miroughout a switching cycle due 


¢? 


. ‘ : 

to the inertia of the rotor and propeller (as in model #3). Sucti an assumption 
a ’ 2) 
“ERIC a 
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would be walid in the case that the change in w during a cycle and trom cycle 

to cytle is small compa ed to the value of w., (Clearly, such an approximation 

is questionable at the starting instant when W= 0, but the accuracy of a 

solutdd?rbased on suck an assumption grows as w increases. Agsuming w censtant 
k during a cycle, we rewrite the en equations in differential (instead of 

derivative) form. ~ 

Bquation 27 sass ay 


(SL aerat sacs Gu). 


Equation 28 becomes 


~ (Rie +k4W) Ateran — AT, spec : (32) 


@ Equation 29 becomes 


~kd@-RIe ) Atcies = OTe closed | (33) 


Figure 5 - % shows that 
At = ME open + At eloyed . . 


and 


OI. = AT. open + Ala alosed 


Note that in wr tine equations 31 and 32 we. have. tacitly. ‘assumed that the cir-_ 


u 


? 


euit time constnat TR is so large that the exponential variation of armature 
current with time in a cycle can be approximated by a straight line as shown 


in figure 5+ 7. If this is not the case, the differential equations of model 
/ 


#3 (constant sol. to give re accurate 4 AT 
#3 (constant w ) can be solved to give a more accurate qe en and qn sisal 


(<) 


ERIC 


Ze | : 7 wa = ge 


a* . . , , . 
ee . a , 
| e re Te aA f \ 
: ' A | 4 
: a | 
’ , \ Sf . 
bTae open APPROXIMATE Teo 


, ° 
, 


“ed. Ale | ; 


_ \Atetesed Stepan t 


At «=. TIME FOR ONE SWITCHING CYCLE 
~ Figure 5 - 7 : 


— 


The solution to the problem can be approximated by an iterated solution - 
A , 


of equations 33, 32, and 31 as follows . 
Att=0, T= 0, &=0, . . 
Solve equation 33 for. mis closed | 
‘ ed solve equation 32 for AT, open still using the same value of . 


x and Y as used in solving equation 


Find AL_ = AI closed +, AI_ open 
a a a 
a negative number 
. Using T, = Ty previous cycle (0 for first time) + aT solve 


equation 31 for Aw, ~ 
Define a new » = & previous cycle + dw for the next cycle and 


% 
repeat the process until Al. and Aw approach zero. 


Such a procedure is particularly suitable for digital computer ietiation. 
The iteration procedure must be repeated until steaiy-staes I, and wW are 
reached, possibly involving thousands of cycles. Thus assuming & constant 
during a cycle has made the piehicnanucs easier to solve although eatheek, 


~ tractable for hand calculation. 


avg 
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The Starting Transient - Quasi-steady-state > 


t 


In the case that the time required for the Imetor to regch steady-state 


kpeed is. very long compared to L/R and the switching time at ( note, we can't. 


rad 


speak of a. nechanital time constant . because, of the Don EIneee dependence of 


a 


. torque on }, we’ can make a furt yee simplification. - We assume Unpt. the 


* eobvicnl etecuie is at the epee evens the circuit would have fork 


a eee! value of w The model in viten the steady- eres is sensideret 


» 


to ey slowly in cine is oy to be ina a ~state" In the quasi- 


_ steady-state, we cat again aver age the calaitnge across the inductor. Reberring | 


to figure 5 - hi, 


Yok dle +I.R +U;, 


or Sine e a = Kk dw P 
-— os —— 

—_ u . 

Sinee w in "constant", si f 
Univg® GEn= OO + -Riaavy t kw, . 

or _ a 
| gE, = RI. avg tkéW . 3 | (34) 


Averaging the mechanical. torque “equation, 


Roipiaia ata _ _ 27) 


i [ k'$T. de nah Ie 40 +f roo da 


Since Ww teed! es only slowly within a cycle, w is again assumed constant and 
S . 7 


K'OL ay. = IGE yg FD ayy. (35) 


— | 7 
Le 20200 | ; 


‘ 


re 
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Nithough we could take equations 34 and sana solve them, by an iterative 
as: ¢ : eS 


a. 


technique using one Lleration per switching cycle, we choose a differerit, and b e 
: 4 

taster Lochnique. The average for one cycle of a steady-state variable is | _ 

the same as Lhe average over two, hate, or any number of cycles. PRerclene 

we define a new time interval AJ§ long compared ‘to L/R but’ short eonrased to 

he time required for the transient Lo end. ATnust also contain an integer 


number of switching cycles, but that number may be hundreds of switching cycles, 


- 


We then solve the following equations by- iteration 


4 
| 


nics = Gee - k¢w (34) 


= HPT nurs =O Weve) AT 7 (36) 


ra 


For example, att O,w 3 O 
» Solve 34 tor. 3 
Q& ave 
’ “ 
them solve 30 for Aw ,+ 
and repeat, ae in 
. - My. 
a | i 
A table provides a convenient way lo carry out the computation e 


wa» F AG) Ta avg. 


AW, 2Eb ~ kp ac, eT 


Sucl a*system may require only 5 or 10 iterations to achieve oe accuracy 


/ 


and is thus amenable to hand ‘caleulation. The current waveform from such a 
. be ? 


un 


calculation may have the form shown in figure 5 - 8. 


vay . es aS * “ - ; > e 3 
’ . . : . e # : 


APPROXIMATE 105 : @ « 2°. 


a 


ACTUAL © | / 
Las ie — ! 
weeny TY ee Ls . = 
phi cae Za, Steady-state 


Da avy. © 


“ON 


onan aT, AT, ATS at 


-Figure 5 - 8 


The size of the current "wiggles' 


could be estimated by taking the known average 


' values of qr. and © and substituting them into equation 32 to estimate 47 


ae 


y @ open’ 


“If the physical parameters such as the size of L, R. J; and ®% permit such 


, assumptions ,, we have simplified the transient calculations by a: factar “of .many 


4 


thousands. 


- Summary . oe % ie 


In this chapter, we modeled a nonlinear system in a manner similar to that 
« ‘ 


. of chapters 1 and 3 in order ‘% find the steady-state behavior. Ag the model 
was refined step by step the difficulty in solving the problem drastically 
increased step by step, once again demonstrating the disadvantages of* analyzing 
a problem starting from the detailed system equations. If we had begun with a 


| very refined model (such as model #4) we might never have been able to solve a, 


- = 


. - possibly simple problem. A fairly detailed analysis of the steady-state was 
o& nani: 


. “presented using the basic idea‘of a steady-state cyclic process, i-e., 
\. ‘ . . ° 
£(@) = f ( 8 + 27). Thus we were able to "skip" to the steady-state instead 
‘ aN : : Ss x. 
of following the variables through a starting transient to get to the steady- 


¢ 


state. ; eae . 
ERIC. : " ms, : - | . 7 205 | | : . : ‘ 


= 


16 


tn considering the turn-on Lransient of Lhe system, while everything 
i 
uppeared significant at first, we wer able ie use the steady-state models 
3s @ logical Spameverk whiten. we rotiaced to aaptity the problem. ™Thus the 
oteady - ~state refinements were nol, "yas sted, but on the Seaeaee nee ely a 


a 


helpful in Actcinining the methatis of simplifying the problem in addition to 


iz . 
providing the finalvalues for the variables undergoing a transient... The 
; t . 


steady-state models and the cyclic process idea allowed us to make an easy step 


Ww 


in our considerations to a differant kind of model, the quasi-steady-state model, 


: 


of the circuit behavior. In. turn, the quasi-steady-state model shortened enor - 


mous ly the amount of calculations required to solve the nonlinear differential 


: LON 


cquations associated with the system. Although in some specific problems, the 


sineseed ohaual may not be valid and there may be ng, earae from the tedious 


ort time consuming solution = ‘of the actailed system equations, the ae ere 


* 


rere. (Pag -state model * refined steady-state models + detailed transient model + 


e 


. simplified irene ent model), is a “powerful eneral. technique used in solving 


transient problems. ; 
Exercises 


, ; a 
(1). A centrifugal water pump. is used to drain a pit containing water. Determine 


’ .] 


the steady-state torque-speed charactcristic of the ‘pump knowing: 


. (a) . Il = 20 feet | a - 
(b) pump efficiency =» 84%) 

“*  {e) ‘the ae delivers 20 gal of water/min when operated at 1800 rpm 

~ puMP 


? 


as 


& 


4 
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(2) For the problem considered in this chapter, determine the’ equations or 
‘ ° - ¢ 
equations to be Boley iterative means ylelding te and w.as functions 
of time for the case fhat L is so large that. it Limits the current and 


speed transient. rather than the system's mechancial inertia. *. 


a mn al 


Problem 1 ( 


« 


A deep sea submersible is driven by a direct’ current, motor (batteuy power 
supply) directly coupled he Une aee drive propeller. The battery voltage is 
200 aus: The motor is rated at 1lO-hp, 200 volts, 900 rpm, The motor is shunt 
rield ageing S. eece. ouncetion Lo ihe battery. The propeller eee Lorque 


speed characteristic such that i. - aw “where wis the angular velocity of 


prop 
the propeller. ; : y . 2 = i 
An SCR system is chosen to regulate the propeller speed. Clearly, resistor 
a a : 7 * . 
controls would be wasteful of battery onergy and submersible cruising time 
valued around $2,000/hr ( sinee the battery would necd*more trequent charging). 


The cireuit shéwn below: ! J . . , 


La ARMATURE 
INDUCTANCE.- 


e 
Wa & 
SHUNT FIELD 

>. - 


tt oat 


he. SCR's are triggered such that SCR, Le "on Lor 2 msec, then SCR, . trig- 


ered and SCR, is triggered 1 msec later (on - 2-msec, off 1 msec), 


a ; 
c . . * 
Calculate the speed of the propeller, qT Wy YW? Vs assuming the meters e 


= ‘. 


are ordinary D'Arsonval mekers. (they read "average") 


“ .Asa@ first cut al ‘the problem,- you may assume % iS constant 


. 


<) 


ERIC 


Y 


" water leaks into the cellar. 


_is preportional tow. 
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Problem 2 , . 
SERIES FIELD 


E = 200 volts 
‘4 ) 
SOR, triggered 1 msec after SCR, 
OS SCR, triggered 2 msec after SCR, 1 ; 
Motor nameplate ‘A ) 
«200 volts, 20 hp) a 


1800 rpm , efficiency = 85% at rated load , 


43 
O . : 
50° Crrise contiriuous service 


During & disasterous rainstorm and flood, the motor drives a centrifugal pump . 
: * ‘ : 5 
used to drain a leaking cellar, 


the pump will wear out if the watcr intake 


should go to zero. Therefore the pump speéd mu t be matched to the rate that 
Note, with a cen i fuged pump, this he-ot dis- 

\ : . ; 

charge is proportional to the speed. Since the kinetic energy associated with . 

the water flow is proportional. to the discharge velocity squared; the torque '™r" 


a 
The pump requires 10 hp af 1800 rpm. 
Some meatured constants of -Ahe system are: 

Reeries fld + arm wey a 


i : “7 .2 henr 
Lseries fl.d ee ed 


J = 0.25 kg mo : * 
(1) In the steady-state, find the average values of Thine, Pana cue: Vieode? 
- and the speed w (in rpm). a ° 
aus 


. “s 
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— : , ’ 
(@) Assuming the SCR's and the Diode can handle the current.,. determine | (t) 
* and w(t) for the starting transient, i.e., at t = 0,w= 0, BE = 200 volts,: 


and the SCR's switch as before. Outline your method in detail and-carry, 
; i : 
it, through. 
b : eS s 
, e 1 ~v . 
(3) Could the, starting current amplitude be reduced by leaving SCR, turned on 


~ 


for 2 msec instead of only one? , c 


Y. | | _ ‘ 


Laboratory Problem 1 . ¢ 


There are a number of*compound wound DC motors in: the Laboratory. 
Using the circuit below as a speed controller, you are to determine; 


Pa _ ay the epavecer eed tiaraetenbaetea of the motor forall 


' 


posgzible constant speed "settings' of the controller. 


f by 


o 


the.time required for the system to reach steady state 


rn “ - “ 


tions. 


v 


under .no-load oe 
. “4 ~ s 

Since the machines.in the laboratory will only be available to you for a 

shart time, it‘is suggested that you may not have sufficient time to construct 


te : j 
the circuit and make the required measurements directly. 


COMPENSATING FIELO 
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Taboratory Problem 2 " 


ane hee below is used to control the speed of a-shunt-wound DC motor. 


The motor is mechanically connected to a matched mechanical load whose torque 


a 
is proportional to speed. yo are required to determine 


9 


(a) the voltage .and current ratings of the SCR's and diode 


(b) ue size of C, by and ly 
(c) the basic scheme for a logic.cireuit to Lerigger the SCR'f. ‘The 
logic circuit doas not have to be designed in detail, ‘but. the 


-of your specification. The logic circuit should have provi 
Py 


"for starting.the motor under load. 


Xm 
« La 


HOV 
DC LINE 
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S Appendix : 


The following is a suggested rough guide for a time sehedule of presenta- 
tion of material, allowing sufficient time for detailed discussion of one 


"problem" and one laboratory problem" per chapter in a small class (15-25 = 


students ). ‘ 
\ Q x 
Chapter | 3 weeks 
2 7 3 weeks. 
rh 2 

3 2 weeks 

4 2 weeks 

“s 5 3 weeks 


ry 


In the case of smaller classes, a longer term, or particularly able stu- 
dents, further topics may be*considered. ‘The following are.olfered as sug- 
. 
gestions. 


vy 


6) The Parallel Capacitor Commutated Inverter with an Inductive load | 


This problem, discussed in some detail in Principles of 


x 


Bo Inverter Cirguils by ‘Bedford and Hott, is particularly suit- 
able for mode ling: ’n an analog or. hybrid computer. 
+ \ 4 


7) The sionicn of praducing an approximate sine wave by summing* the 
ye. webu of several SQUArC -WAVe inverters wit dietentad amplitudes 
| and phases but the same repetition rate is aguseful example ot 
designing a. circuit (choosing: the phases and amplitudes) on the 


basis of a simplified model of operation. The problem can be 


- generalized into designing the 3 phase, ‘harmonic neutralized inver- 


S - ter. Such problems are most instructive if the third and fifth 


oP 


- harmonics are abdent from the desired ontputl sine wave. Again, 


, Principles of Inverter Circuits by Bedford and Hoft is an excel- 


lent beginning ref'erence for the problem. An additional helpful 
4 a . & as 


8! = Ziti , = 2 
-ENC ie ; a . ” : 


ms t 


ne 
7 202 v | 
$ . 
reference is Kernick, Roof, and Heinrich," Static Inverter with Neutraltza- 
tionjof Harmonics", AIEE Transactions, Pt. II, Vol. 81 (May, 1962), pp. 59- 
68.- . bo ‘ 
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